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INVESTIGATION OF WARM-AIR FURNACES AND 
HEATING SYSTEMS, PART VI 


I. GENERAL STATEMENT CONCERNING INVESTIGATION 


1. Codperative Agreement.—This bulletin is the ninth to be pub- 
lished under the present codperative agreement* between the 
National Warm Air Heating and Air Conditioning Association} and 
the University of Illinois for an investigation of warm-air furnaces 
and furnace heating systems. The agreement was formally approved 
in August, 1918, and the research work was begun in October of that 
year. Under the terms of this agreement a very extensive study of 
furnace heating problems has been made, using first an experimental 
plant with auxiliary equipment in the laboratory, and later a typical 
modern residence erected by the Association for the express purpose 
of correlating and extending the work in the laboratory to the condi- 
tions of actual installation, including both gravity and forced-air 
heating systems. 

The codperating association has been represented by an Advisory 
Committee, the personnel of which changes somewhat from year to 
year. The present organization of the committee is as follows: 

F. G. Srep@wick, Chairman, Waterman-Waterbury Company, 
Minneapolis, Minnesota 

R. G. Guuick, May-Fieberger Company, Newark, Ohio 

I. W. Rowe, Lakeside Fan Company, Hermansville, 
Michigan 

T. W. Torr, Rudy Furnace Company, Dowagiac, Michigan 

Frank L. Meyer, F. Meyer and Brother Company, Peoria, 
Illinois 

It is the function of this committee to propose such problems for 
investigation as are of the greatest interest to the manufacturers and 
installers of warm-air furnaces and heating systems. Of these prob- 
lems, the Engineering Experiment Station staff selects for study 
those which can best be investigated with the facilities and equip- 
ment available. at the University. The codperating association pro- 
vides funds for defraying a major part of the expense of this research 
work, 

*Report of Progress in Warm-Air Furnace Research,” Univ. of Ill. Exp. Sta. Bul. 112, Ap- 


ix II . 61-63, 1919. : : P 
Beet os to April, 1928, this Association was known as the National Warm Air Heating and 


Ventilating Association. From April, 1928, to June, 1933, it was known as the National Warm Air 
Heating Association. 
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A number of publications have already been issued by the Engi- — 
neering Experiment Station dealing with the results of this work. 


They are as follows: Bulletin No. 112, entitled “Report of Progress 
in Warm-Air Furnace Research’’; Bulletin No. 117, entitled ““Emis- 
sivity of Heat from Various Surfaces’; Bulletin No. 120, entitled 
“Investigation of Warm-Air Furnaces and Heating Systems”; Bul- 
letin No. 141, entitled “Investigation of Warm-Air Furnaces and 
Heating Systems, Part II’; Bulletin No. 188, entitled “Investigation 
of Warm-Air Furnaces and Heating Systems, Part III’; Bulletin 
No. 189, entitled ‘Investigation of Warm-Air Furnaces and Heating 
Systems, Part IV’; Bulletin No. 230, entitled ‘‘Humidification for 
Residences”; Bulletin No. 246, entitled “Investigation of Warm-Air 
Furnaces and Heating Systems, Part V”; and Circular No. 15, 
entitled “The Warm-Air Heating Research Residence in Zero 
Weather.” 

In addition to these publications of the Station, a number of 
papers on Warm-Air Furnace Heating have been prepared by the 
research staff and presented before, and published in the Transactions 
of, the American Society of Heating and Ventilating Engineers. 
These papers have appeared almost yearly in the Society’s Trans- 
actions since the beginning of the investigation. 

The present bulletin deals with the work accomplished since the 
publication of Bulletin No. 246. Very little repetition has been made 
of material contained in earlier bulletins or in Circular 15. 


2. Objects of Investigation—A detailed outline of the original 
objectives of the investigation is given in Engineering Experiment 
Station Bulletin No. 246, including a general discussion of the prob- 
lem and the methods employed. In addition to the original objects 
of the investigation there have been added the investigation of 
ordinary gravity-type furnaces operating with small motor-driven 
fan units, and the investigation of a complete mechanical, or forced- 
air, system operating with motor-driven centrifugal fans. 


3. Acknowledgments.—The investigation has been carried on as 
part of the work of the Engineering Experiment Station of ‘the 
University of Ilinois* in the Department of Mechanical Engineering 
under the direction of Pror. A. C. Wituarp, Head of the Department 


of Mechanical Engineering, and Acting Director of the Engineering 
Experiment Station. 


*At the time of building the Research Residence, Professor L. H. Provine, Head of the Depart- 


ment of Architecture, acted as architect, and h ist issi 
Ep ie Pag ei a sda ; e was assisted by C. A. Kissinger, a member of the 
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Mr. A. F. Hussarp, Research Graduate Assistant in Mechanical 
Engineering, assisted in conducting the actual testing work and in 
the preparation of the material, particularly that related to the 
chapter on Automatic Control Systems. 

The investigation of the air washer in the Mechanical Engineering 
Laboratory was conducted as subject matter for a graduate thesis 
by Mr. W. S. Harris in partial fulfillment of the requirements for 
the Degree of Master of Science in Mechanical Engineering. Material 
included in this thesis has been of great value in the preparation of 
the chapter on the Performance of Two Types of Air Washers. 

Mr. E. L. Bropericx, Research Assistant in Mechanical Engi- 
neering, gave valuable assistance in obtaining the test data. 


II. DeEscripTion or PLANTS 


4. Research Residence-——The Research Residence has been de- 
seribed in detail in Engineering Experiment Station Bulletins Nos. 
189 and 246. It is a three-story structure of standard frame con- 
struction, with the exception that the studding is 2 in. by 6 in. 
instead of the 2 in. by 4 in. more commonly used. Copper shingles 
are used on the roof. The wall section consists of weather boarding, 
building paper, studding, wood lath, and plaster with rough sand 
finish. The walls are not insulated and no weatherstripping is used 
at the windows and doors. 

The total heated space during these tests, inclusive of the sun- 
room, but exclusive of the basement, was approximately 17 540 
cu. ft.; and the calculated heat loss at an indoor-outdoor temperature 
difference of 80 deg. F. was approximately 159 000 B.t.u. per hr., 
exclusive of the basement loss. The total space heated consisted of 
three rooms, a sun-parlor, and a hall-way on the first story; three 
rooms and a hall-way on the second story; and two rooms and a 
hall-way on the third story. The Research Residence is completely 
furnished, and during the heating season it was occupied by two 
members of the research staff. However, no cooking was done, and 
no other domestic activities requiring the application of heat or 
resulting in the evaporation of water were carried on. Thus all of 
the heat supplied was furnished by the heating system, and any 
humidification was furnished either by the humidifier or by evapo- 
ration from the materials composing the structure. 


5. Forced-Air Heating System.—The installation of the forced-air 
heating system in the Research Residence was completed January 8, 
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1932. The furnace used in connection with this system was the same 
furnace that was used for the previous studies on gravity and com- 
bination gravity and fan operation, discussed in Engineering Experi- 
ment Station Bulletins Nos. 189 and 246. It consisted of a common 
type of cast-iron, circular-radiator, furnace having a 27-in. firepot 
and 23-in. grate. The firepot was not slotted, since the fuel used 
was anthracite. 


A plan of the duct system, as installed, is shown in Fig. 1. From . 


this plan it may be noted that the furnace was placed at the East 
end of the basement, and the warm-air registers were served from 
two main trunk systems, designated as the north trunk and the south 
trunk. Details of these trunk systems near the bonnet of the furnace 
are shown in Fig. 2. As far as possible, all ducts were placed in the 
spaces between joists, and in every case where this was not possible, 
a clearance of 6 ft.-6 in. was maintained between the bottom of the 
duct and the basement floor. Thus the basement was free from duct 
interference, and the head room was such that a false ceiling could 
have been constructed to conceal the duct work. The depth of the 
basement from the floor to the bottom of the joists was 7 ft.-4 in., 
and the joists were 2 in. x 12 in., spaced 16 in. on centers. 

Details of the furnace and bonnet are shown in Fig. 2. The 
bonnet was formed by carrying the casing straight upward to within 
two inches of the bottom of the joists and capping it with a flat top. 
The main trunks, 8 inches in depth, were then taken off within one 
inch of the top of the bonnet. Thus the bonnet and the ends of the 
trunks served as a comparatively large plenum chamber. The top 
of the bonnet was insulated from the bottoms of the joists by a 
¥ in. sheet of transite placed in such a way as to leave an air space 
on both sides. 

Figure 1 shows that three cold-air returns were used which joined 
in a cold-air box above the inlet of the fan. The main cold-air return 
was taken from two grilles placed in the two lower stair risers. The 
air from these two grilles was collected in a chamber below the stairs, 
shown in detail in Fig. 3a. From this chamber, two ducts, placed 
between joists as shown in Fig. 1, passed above the bonnet of the 
furnace and into the top of the cold-air junction box. The south 
cold-air return was arranged to take air either from a floor grille or a 
wall grille in the sun-parlor, or from a floor grille in the dining-room. 
In service, only one of these grilles was used at a time, the other two 
being effectively blocked by means of tight slide-dampers. A typical 
cold-air box used in connection with a floor grille is shown in Fig. 3b. 
Details of the cold-air junction box and fan housing are shown in 
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Fig. 8c. Provision was made so that air filters could be installed in 
the vertical section of the junction box. A splitter head was also 
placed above the fan and between the two fan inlets. This splitter 
head served to give a stream-line effect and to prevent the formation 
of a region of turbulence that would increase the resistance on the 
fan. It also provided two definite channels in which anemometer 
readings could be made with some degree of accuracy. The fan was 
of{the multiblade, single-outlet type, rated at 2500 c.f.m. against a 
static pressure of 0.19 in. of water at a speed of 450 r.p.m. The 
system equipped with the single-outlet fan was designated as Installa- 
tion No. 11. Later this fan was replaced by a combined fan and air- 
washer unit in which the fan was of the double-outlet type having 
the same rating as the single-outlet fan. In this case a splitter head 
similar to the one shown in Fig. 3c was used between the two outlets. 
This arrangement was designated as Installation No. 12. 
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Two types of dampers, the locations of which are shown in digeede 
were installed in the various ducts. Details of these dampers are 
shown in Fig. 4a. One consisted of a common type of split damper, 
and the other was designated as a squeeze damper. The latter con- 
sisted of a sheet of metal with a width equal to that of the inside of 
the duct and with a length sufficient to insure flexibility. One end 
was slightly curved and the other was bolted to the bottom of the 
duct. A push rod served as a means of pushing the curved end up 
into the duct and securing it, thus partly blocking the duct. Since 
one end was securely bolted, there were no loose parts to vibrate or 
rattle, and the curvature produced a stream-line effect. Hence this 
damper could be practically closed without producing any appreciable 
air noise. 

Owing to interference and the necessity for some oblique runs, 
it was not possible to place all ducts in the spaces between joists. 
Furthermore, the necessity of avoiding two main bearing beams, on 
which the joists rested, complicated the problem by making it im- 
possible to use straight runs of ducts kept entirely below the lower 
surface of the beams, and still maintain clear head room of 6 ft.-6 in. 
from the floor to the bottom of the ducts. Hence it was necessary _ 
to install some of the ducts just below the bottoms of the joists, and 
in some cases to pass above the tops of the beams, making use of 
fittings similar to the one shown in Fig. 4b. In the case of the south 
trunk, it was necessary to rise above the first beam, drop down on 
the other side, using a double fitting similar to that shown in Fig. 4b, 
and then rise again above the second beam. In the preliminary in- 
stallation several fittings of the type of the west dormitory take-off 
shown in Fig. 4b were used, in which the height of the entrance 
rectangle was the same as the depth of the branch duct. Owing to 
excessive entrance losses, however, these branches did not receive the 
required amount of air, and the fittings were replaced with transition 
fittings, similar to those shown in Fig. 4c, in which the height of the 
entrance rectangle was made equal to the full depth of the main duct. 
A number of other complicated fittings were found necessary. 

In all cases, on the warm-air side of the system, the same wall 
stacks and register boxes that had been used for the gravity plant 
previously installed were again used for the forced-air plant. Some 
changes were necessary in the cold-air side of the system, however, 
as shown by the typical box in Fig. 3b. 


6. Automatic Controls—The control of the forced-air heating 
plant was accomplished by means of various combinations of a room 
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thermostat and bonnet and stack limit thermostats operating to open 
and close the ash-pit damper and to start and stop the fan. The room 
thermostat was invariably located on an inside wall of a first-story 
room, either the dining-room or the sun-room, and at a height of 
5 ft. from the floor. The various combinations of thermostats used 
in connection with the different types of control systems are described 
in detail in Chapter VIII in the sections appertaining to the types. 


7. Furnace Bonnets and Baffling.—For the tests on furnace bonnets 
and baffling no changes were made in the plant except for the substi- 
tution of the different types of bonnets and the insertion of one type 
of baffling in the casing. The details of the bonnets and baffling used 
are shown in Fig. 5. Bonnet A was a cylindrical bonnet with straight 
vertical sides and a flat top. It was carried up to within 2 in. of the 
bottoms of the joists and formed a plenum chamber 27% in. high 
above the top surface of the radiator. The two main air trunks 
departed horizontally from the sides of this chamber and near the top. 

Bonnet B was also a straight-side, flat-top bonnet, but in this 
case the top was only 734 in. from the upper surface of the radiator. 
The two main air trunks were not disturbed, but were connected to 
the top of the bonnet by means of two elbows of rectangular cross- 
section with the turn made on the shorter dimension of the section. 

Bonnet C was shaped somewhat like a truncated cone with the 
flat top 1334 in. above the upper surface of the radiator. The two 
rectangular elbows connecting to the main air trunks rose from the 
top of the bonnet, and the sides were sloped from the bottoms of the 
elbows to the top of the casing. The latter was on the same level as 
the top surface of the radiator, as shown in Fig. 5. 

The baffle was inserted in the casing equipped with Bonnet C. 
This baffle was an annular ring 23 in. high, with the vertical sides 
spaced 314 in. apart. The top and bottom surfacés were vented with 
one-inch holes spaced 3 in. between centers, to permit the circulation 
of some air through the annular space. This baffle was placed with 
the bottom about one inch above the grate level and the top 5 in. 
below the lower surface of the radiator. The outside surface was one 
inch from the casing and the inside surface 514 in. from the top ring 
of the firepot. 

8. Baseboard and Sidewall Register —The study of baseboard and 
sidewall registers was made in the east bedroom of the Research 
Residence. This room was 1314 ft. by 20 ft., with an 8 ft. 4 in. ceiling, 
and had three exposed walls; north, south, and east. It had one door, 
which remained open during all of the tests. 
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Fia. 6. Drrarts or Reaistrers AND STACK wiTH BASEBOARD 
AND HigH SIDEWALL REGISTERS 


The arrangement and dimensions of the warm-air stack and regis- 
ters are shown in Fig. 6. The sidewall register was the same size as 
the baseboard register and was placed at the head of the extension of 
the stack for the baseboard register in order to facilitate changes from 
one position to the other. Both registers had a free area of 70 per 
cent. When the sidewall register was in use, the baseboard outlet 
was sealed with a flat plate placed with the inner face flush with the 
wall of the stack. Similarly, when the baseboard register was in use, 
the stack was sealed just above the baseboard outlet, and the register 
valve was placed in the normal position. Hence, in either case, the 
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Fic. 7. Location or Recister witH Respect to ExposEep WALLS 
In East Bep Room 


stack was continuous and without offsets or projections. The location 
of the registers relative to the exposed walls of the room is shown in 
Fig. 7. 

In addition to the usual type of sheet-metal registers with rectan- 
gular openings a register having metal deflector plates to direct the 
air downward was used. These deflectors were one inch in width and 
could be set at any angle, but were usually set at 15 deg. with the 
horizontal. For some of the tests additional vertical deflectors were 
placed between the horizontal ones in order to deflect the air outward 
in both directions from the vertical axis of the register. In all cases 
the velocity of the air at the register face was varied by covering 
part of the face with a flat plate, leaving an open area at the top or 
bottom sufficient to produce the required air velocity. 


9. Air Washers.—For the tests in the Mechanical Engineering 
Laboratory a representative type of commercial air washer was used. 
A diagram of the air washer, together with the arrangement of the 
testing equipment is shown in Fig. 8. In this washer the fan was 
placed in the vertical section and the spray chamber was below the 
fan. The eliminator plates were placed vertically and were located 
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Fic. 8. Atk WASHER AND TESTING EQUIPMENT For AIR WASHER TESTS 
IN THE MECHANICAL ENGINEERING LABORATORY 


in’ the outlet of the spray chamber. The spray nozzles were located 
at the back of the spray chamber and delivered the spray in the same : 
direction as that of the moving air stream. The spray nozzles were a 
adjustable, and the weight of water delivered could be controlled ¢ 
independently of the water pressure. The water was not recirculated. 

The inlet side of the air washer was connected to the inlet duct as ‘ 
shown in Fig. 8 in order to provide a mixing chamber for the air 
coming through the heater, which was located at the inlet end of the 
duct, and consisted of several sections of finned copper tubing. Low- 
pressure steam jets at the entrance of the heater served to supply 
humidity to the entering air, and a small fan insured thorough 
mixture and uniform temperature of the air in the inlet duct. os 

The volume of air delivered was measured by means of a traverse 
made with a Pitot tube in the restricted section of the outlet duct 
shown in Fig. 8. An Evasé outlet beyond this section tended to 
offset the pressure loss caused by restricting the section for the Pitot 
tube station. Velocity and static pressures were read by means of 
inclined manometers, or draft gages. Both wet- and dry-bulb tem- 
peratures of the air entering and leaving the washer were obtained 
at the points shown in Fig. 8. 

The water delivered to the spray nozzles was measured in the two 
calibrated volume tanks shown in Fig. 8, the water temperature 
being controlled by means of a jet heater using live steam from the 
high-pressure main. The excess water leaving the washer was weighed 


—— 


SS ae ee Se one i ee 


INVESTIGATION OF WARM-AIR FURNACES, PART VI 23 


in tanks placed on scales sensitive to 0.01 lb. The difference between 


the water fed to the spray nozzles and that leaving the washer repre- 
sented the water evaporated in the sprays and on the eliminator 
plates. It was found, however, that this could be just as accurately 
and consistently determined from the readings of the wet- and dry- 
bulb thermometers and the volume of air, and the latter method was 
used for most of the tests. 

The tests in the Research Residence were run on the domestic air 
washer used in connection with the forced-air heating plant. This 
washer differed from the one used in the Mechanical Engineering 
Laboratory in that the eliminator plates were placed in the vertical 
section ahead of the fan, forming an arrangement similar to a peaked 
roof. The six spray heads were located above the eliminator plates, 
three on each of two opposite sides, and the spray was delivered 
across the vertical section transversely to the direction of the air 
stream. The water was not recirculated, but was delivered to waste. 
The nozzles were not adjustable and varying amounts of spray water 
could be obtained only by varying the pressure of the water at the 
nozzles. This washer was installed to comply with the instructions 
of the manufacturer, and, with the exception of a water meter to 
measure the water delivered to the sprays, and wet- and dry-bulb 
thermometers placed at the outlet of the fan, no special testing equip- 
ment was required beyond the routine equipment used for the study 
of the performance of the forced-air heating plant. 


10. Steam Drum Plant for Heat Emission Tests ——The tests for 
the heat emission from various surfaces were made with the same 
type of plant, shown in Fig. 9, as that used in an earlier study, and 
described in Engineering Experiment Station Bulletins Nos. 117 and 
120. The plant was modified by placing the cylinders parallel to one 
another and taking steam from a common header, instead of arrang- 
ing them radially and taking steam from a common riser as shown in 
Fig. 9. In every case, cross radiation between cylinders was elimi- 
nated by means of a vertical insulating barrier placed in the center 
of the intervening space. The cylinders were all 10 in. in diameter 


and 20 in. in length. 


III. Meruops or TESTING 


11. General Statement.—A general discussion of the testing prob- 
lems encountered in warm-air furnace testing and the methods em- 
ployed in overcoming some of the difficulties has been given in Engi- 


ILLINOIS ENGINEERING EXPERIMENT STATION 


24 


a 


iil 


UUITYOD 


{ 
1 
l 
jo02 aa 1 
S$! 4E{OM ! 
SIY 1 :2LO0\/ H 
i ‘SULA 229 “SUOL{/ 10d 
H hig 4aljo Y208 OL 
H PaplAlyS SuUN1 
BIOLING /OLLA{ 
i | “eubs 2G || yew 
A My Yyo-mojg ri UY W1Ybg:210y NXE Sp/aly> pub suunig 
: f0 LUEWEBUDS SY 
BUIMOYS MAI UB 
42{AU/0UlLLBY J ia eae 
AMDB J 
My SE Sere perry 
UNM Ulf P2LO/NSL) Unig 1521 


AOLO/NO8Y BINSSALS WOL YAfui] UALS 


e. 


INVESTIGATION OF WARM-AIR FURNACES, PART VI 25 


neering Experiment Station Bulletin No. 246. This chapter will 
therefore be limited to a discussion of the general testing methods that 
are applicable in common to the different studies made. Any addi- 
tions to, or deviations from, these general methods will be indicated 
in the sections appertaining to the particular studies. 


12. Forced-Air Heating System—The general procedure of test- 
ing, although requiring some modification to meet the conditions 
existing in the Residence, was similar to that described in Engineer- 
ing Experiment Station Bulletin No. 120. The controlling thermo- 
stat was arranged to maintain accurately a given temperature at the 
5 ft. level in a first-story room. This temperature was approximately 
72 deg. F., and the resulting mean temperature of all of the rooms was 
70 deg. F. Unless otherwise specifically stated in the discussion of 
results all of the doors between rooms were open during the tests. 

The furnace was fired at four regular periods, as follows: 7:00 a.m., 
11:00 a.m., 4:00 p.m., and 10:00 p.m. Ashes and sufficient unburned 
coal were shaken through the grates each morning to leave a clean 
fuel bed on which to continue the fire. This clean fuel bed was always 
brought to a definite mark at about one-half the firepot depth, giving 
a thickness of about 8 inches. Correction was made on each day’s 
fuel consumption for the unburned fuel which was shaken through 
the grate. For all of the tests reported in this bulletin anthracite 
having a calorific value of 13 590 B.t.u. per lb. was used. The proxi- 
mate analysis of this fuel was: Fixed Carbon, 80.47 per cent, Volatile, 
8.59 per cent, Moisture, 1.40 per cent, and Ash, 9.54 per cent. The 
ultimate analysis was: Total Carbon, 80.83 per cent, Hydrogen, 3.22 
per cent, Oxygen, 2.84 per cent, Nitrogen, 1.07 per cent, Sulphur, 
1.10 per cent, Moisture, 1.40 per cent, and Ash, 9.54 per cent. 

At each of the firing periods, observations of all data were made 
and the five groups of readings were averaged for the daily record. 
A list of the routine observations is given in Engineering Experiment 
Station Bulletins Nos. 189 and 246. Additional data on fan speeds 
and pressures were also recorded. 

For all routine tests on which general house data were recorded 
the fan was operated at a speed of 440 r.p.m. in Installation No. 11 
and at 395 r.p.m. in Installation No. 12. In the case of intermittent 
operation the same fan speed was maintained during the running 
period, and the total duration of the running time was recorded by 
means of an electrical clock connected into the fan circuit so that the 
clock operated while the fan was running and stopped when the fan 
stopped. For the study of pressure losses in the system, both with 
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and without air filters, the fan was operated for short periods of time 
and over a wide range of speeds, but on these tests no house data 
were observed. 

The air delivery of the fan was determined by means of a 30-point 
traverse for installation No. 11 and a 60-point traverse for Installa- 
tion No. 12 made with a Pitot tube at the fan outlet, or in the connec- 
ting duct between the fan and the furnace casing. Although this 
location is much nearer the fan than is usually recommended, such a 
method proved to be accurate if a large number of points were used 
in the traverse. For each arrangement of the plant the air delivery 
was determined for a range of fan speeds, and this calibration was 
used to obtain the air delivery from the fan speeds observed during 
the routine readings on the tests. Each change in the plant or in the 
damper settings with the same plant made a new calibration neces- 
sary. The power consumed by the fan was observed by means of 
indicating and integrating wattmeters placed in the fan motor circuit. 

The air temperatures at the bonnet were méasured by means of a 
thermocouple protected against radiation by being supported in the 
center of a fused silica tube having a bore of 34g in. This tube was 
inserted in the trunk at the bonnet, and air was drawn through the 
tube and past the thermocouple at a velocity greater than 20 ft. per 
sec.,* thus eliminating the effect of radiation from the castings of the 
furnace. These readings were correlated with simultaneous readings 
of thermocouples placed in the trunk ducts just outside of the opening 
into the bonnet, and the correlation curves were used to obtain the 
temperatures of the air at the bonnet from the readings of the trunk- 
duct thermocouples made during the test periods. 

Throughout this bulletin the quantities referred to as “capacity,” 
“furnace efficiency,” “equivalent register air temperature,” ‘‘com- 
bustion rate,’ and “heating effect,’ are based on the following 
formulas: 

Capacity, B.t.u. per hr. put into air = W X 0.24 x (1% — T;) 

Combustion rate, lb. coal burned per sq. ft. grate per hr. = C/A 


capacit 100 
Furnace efficiency, per cent = P as = 


heat developed on grate per hr. 
W X 0.24 X (1 — T;) X 100 


CMH 
Equivalent register air temperature = (T, — T; + 65) = T. 
(Based on air temperature of 65 deg. F. at recirculating duct) 


*R. J. Haslam and E. I. Chappell, ‘‘The Measurement of the T ti i 4 
Industrial and Engineering Chemistry, April, 1925, p. 402, Vol. 7, Noe ee eee 
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Heating effect at register, B.t.u. perhr. = W X 0.24 x (T, — T;) 
in which 
W = weight of air flowing in system per hr., lb. 
0.24 = average specific heat of air. 
C = weight of coal completely burned per hr., lb., corrected for 
unburned fuel in ash, or cu. ft. of gas burned per hr. 
H = calorific value of coal, B.t.u. per lb. 
A = area of grate surface, sq. ft. 
T; = temperature of air at recirculating register, deg. F. 
T, = temperature of air at furnace bonnet, deg. F. 
= temperature of air at warm-air register, deg. F. 
= equivalent register air temperature, based on 65 deg. F. at 
recirculating register. 
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13. Air Washer Tests—For the tests in the Research Residence 
the forced-air heating plant was operated normally under thermo- 
static control to maintain a temperature of approximately 70 deg. F. 
at the 5 ft. level in the rooms over a wide range of weather conditions. 
During the tests on the air washer the fan was operated continuously 
at a constant speed. All of the routine readings of air weights, 
weight of coal and ash, and air temperatures incident to performance 
tests on the heating system were made, and in addition, the weight 
of water delivered to the spray nozzles, the wet- and dry-bulb tem- 
peratures of the air entering and leaving the washer, and the relative 
humidity at various points in the Residence, were observed. The 
relative humidity in the rooms was obtained by means of a sensitive 
aspirating psychrometer. The pressure of the spray water and the 
number of spray nozzles was varied, and for each arrangement a 
sufficient number of tests was made to include a representative range 
of weather conditions. The spray water was taken directly from the 
city service mains at a temperature of approximately 53 deg. F. 
The relative humidity of the entering air depended on the relative 
humidity of the air in the rooms, which was governed by the outdoor 
temperature and the operating conditions at the air washer. It 
varied from 30 to 60 per cent. The temperature of the entering air 
was approximately 66 deg. F. No attempt was made in the case of 
either the washer in the Residence or the one in the Laboratory to 
determine the effectiveness of the washer for cleaning the air. 

In the case of the Laboratory tests, preparatory to starting a test 
the calibrated tanks were filled with water at some predetermined 
temperature. The spray pressure was then set and the necessary 
adjustments made in the spray nozzles to obtain the required weight 
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of water delivered. At the same time the fan was started and the 
temperature and relative humidity of the inlet air were brought to 
the proper values by regulating the flow of steam to the heating coil 
and humidifier jets. When all predetermined test conditions had been 
established, the plant was allowed to run for a period of fifteen min- 
utes in order to attain equilibrium before the start of the test. The 
speed of the fan was maintained constant and Pitot tube traverses 
were made three times during a test. These latter readings were 
reduced to terms of volume of air by the commonly-accepted methods 
of calculation. 

Two air quantities, 1820 and 1245 cu. ft. per min. were used. 
With 1820 cu. ft. per min., the dry-bulb temperature of the inlet air 
was varied from 65 deg. F. to 95 deg. F. by ten degree intervals while 
the relative humidity of the inlet air was maintained at approximately 
30, 40, and 50 per cent for each air temperature. Three spray water 
temperatures, namely 63, 80, and 120 deg. F. were used. The spray 
pressure for all tests was maintained constant at 30 lb. per sq. in., 
and for each inlet air condition and spray water temperature the 
amount of spray water delivered was varied by means of the needle 
valves in the spray heads from a minimum of 100 lb. per hr. to a 
maximum of approximately 375 lb. per hr. It was found that as 
long as the spray completely filled the spray chamber, the number of 
nozzles in use with a given weight of spray water delivered did not 
materially affect the results, and most of the tests were run with one 
nozzle in operation. A similar testing schedule was followed with 
1245 cu. ft. of air flowing per minute, except that a much more limited 
number of entering air conditions was used. 


14. Heat Emission Tests Saturated steam, free from entrained 
moisture, was supplied to the cylinders (see Section 10) at a pressure 
of about 1/4 ins. of mereury, or 215 deg. F. The air surrounding the 
cylinders was at approximately 75 deg. F. Since all tests could not 
be run simultaneously, the bright tin cylinder was always included 
among the ones tested at the same time, thus serving as a control to 
indicate whether slight variations in external conditions were being 
reflected in the performance of the cylinders under test. 

Before starting a test, the steam pressure was raised sufficiently 
to blow the water out of the seals, and was allowed to blow through 
the apparatus until all of the air was eliminated. The pressure was 
then reduced and the seals allowed to fill to the normal running 
position. The thermometer at the outlet of each cylinder was read 
at the start of the test, and the weight on each scale was recorded. 
Since there was no appreciable pressure drop between the steam 
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supply and the cylinders, the outlet thermometer indicated the tem- 
perature of the steam in the cylinder unless air accumulated above 
the water column in the seal. These temperature readings were 
therefore used as an indication of the first presence of air. Frequent 
readings were made during the period of each test, and all tests were 
terminated when an appreciable drop in temperature occurred at any 
outlet. In most cases this did not occur before a period of from 10 to 
13 hours, and in all cases the tests were repeated as a check. The 
condensate was discharged through a short piece of rubber tubing 
submerged in a bucket of water. Enough cold water was placed in 
each bucket before the test was started to prevent heating and loss by 
evaporation. 

In every case, the emissivity coefficient, K, was based on the 
temperature difference between the metal of the drum and the air. 
Since no measurable drop in temperature occurred through the metal, 
the metal temperature was regarded as being the same as that for the 
steam. The uncorrected emissivity coefficient was calculated from 
the equation: 

rW 


oe 
HA h) 


in which 
Ky, = emissivity coefficient, B.t.u. per sq. ft. per hr. per deg. 
difference in temperature between the metal and the air. 
r = latent heat of steam at the pressure in the cylinders, B.t.u. 
per lb. 
W = total weight of steam condensed, corrected for an evapora- 
tion of 0.01 lb. per hr. from the surface of the container, lb. 
= duration of test, hrs. 
surface area of metallic cylinders = 5.52 sq. ft. 
t; = temperature of the metal (same as temperature of steam in 
cylinder), deg. F. 
ta = temperature of the air in the room, deg. F. 
A correction was made for the loss of heat in the piping, and the 
final corrected value, K, was obtained from the equation: 
K = (kK, — 0.91) 
The efficiency as an insulator compared with bright tin was 
calculated from the equation: 


pm 
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100 K; 
K, 


in which ; 
E = efficiency compared with bright tin, per cent. 
K, = emissivity coefficient for bright tin. 
K, = emissivity coefficient for the surface. 
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IV. Previminary Stupy or Forcep—Air Heatina System 


15. Basis for Design of System.—For the purpose of designing the 
forced-air heating plant, the heat losses from the various rooms of the 
Research Residence were first calculated, based on an outdoor tem- 
perature of -10 deg. F., or an indoor-outdoor temperature difference 


of 80 deg. F. The total heat loss for the entire heated space, amount- — 


ing to 17 540 cu. ft., was 159 000 B.t.u. per hr. The volumes of air, 
at 135 deg. F. at the register faces, required for the different rooms in 
order to make up the heat losses were then computed. It was as- 
sumed that no loss in temperature occurred between the bonnet and 
the registers; and the design of the duct system was based on air at a 
temperature of 135 deg. F. and a pressure of 29.92 in. of mercury. 
This procedure is justified by the fact that a difference of 10 deg. F. 
in the air temperature causes a deviation of approximately 2 per cent 
in the air density, and hence in the volume. Such a deviation is well 
within the degree of accuracy of the assumptions with respect to the 
probable operating conditions on which the design was based, and in 
any case would not affect the size of the ducts to be selected. The 
air volumes have been listed in the table in Fig. 1. Division of the 
system into the two trunk systems shown in Fig. 1 then indicated 
that 1231 cu. ft. of air per min. were required for the north trunk, 
and 1330 cu. ft. per min. for the south. 

By inspection, it was determined that the longest run of duct was 
the one leading to the northwest bedroom. The required friction loss 
per 100 ft. of duct was therefore computed for the north trunk system. 
It was considered advisable to limit all velocities to 750 ft. per min. 
and the depth of trunks to 8 in. Hence the area required for the 
trunk, near the bonnet of the furnace, was = = 1.64 sq. ft., or 
236 sq. in. If the depth was limited to 8 in., then the width of duct 
required for this area was 30 in. The circular duct equivalent to an 
8 in. x 30 in. duct is one having a diameter of 16.4 in. From a com- 
monly-accepted friction chart* it was then determined that for an 
air delivery of 1231 cu.ft. per min. through a circular duct of 16.4 in. 
diameter a friction loss of approximately 0.08 in. of water per 100 ft. 
should be expected. It should be especially emphasized that the fric- 
tion loss per 100 ft. of duct thus determined is absolutely dependent 
on the value assigned to the coefficient of friction in the construction 
of the particular chart used. The chart used in these computations 


é ane American Society of Heating and Ventilating Engineer’s Guide for 1933, page 348 or 
age 450. 
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was based on a friction coefficient of 0.0062, with air at a temperature 
of 70 deg. F. and a pressure of 29.92 in. of mercury. A survey* of the 
best experimental evidence indicates a value of 0.0050 for air flowing 
in smooth 9 in. x 14 in. ducts at a velocity of 800 ft. per min. The 
chart therefore provides a safety factor of approximately 25 per cent. 
A greater factor of safety should undoubtedly be used for this type 
of system. _ 

The sizes of the successive sections of the north trunk were com- 
puted from the corresponding volumes of air flowing and the required 
friction loss of 0.08 in. of water per 100 ft. of duct. After these sizes 
were determined, the total equivalent length of duct was computed, 
assigning to the various fittings equivalent lengths in conformity with 
standard practice.| This equivalent length proved to be 66 ft. for 
the north trunk. 

While the friction chart is based on air at a temperature of 70 
deg. F. it is applicable for determining the sizes of the ducts for a system 
in which the same volume of air is flowing at any other temperature. 
The actual friction losses, however, must be determined by correcting 
the chart value to one corresponding to the actual temperature of the 
air flowing. This is done by multiplying the chart value by the ratio 
of the actual air density to the density at 70 deg. F. In the case of the 
north trunk the sizes were determined from a friction loss of 0.08 in. 
per 100 ft. at 70 deg. F. The assumed temperature of the air flowing 
in the system, however, was 135 deg. F. The friction loss per 100 ft. 
at this temperature and a barometer of 29.92 in. of mercury would be 
0.08 x 0.0667 


0.075 = 0.0712. Hence the total friction loss for the north 


66 X 0.0712 


trunk would be MMi 0.0470 in. of water. 


In a similar manner, the design of the south trunk was based on a 
friction loss of 0.08 in. of water per 100 ft. and the total computed loss 
for the equivalent 63.5 ft. was 0.635 < 0.0712 = 0.0452 in. of water. 
Hence a damper was necessary in this trunk. Furthermore, since the 
size of this trunk at the entrance to the furnace bonnet was 8 in. x 32 
in., the size of the north trunk at the entrance was also arbitrarily 
made the same. The design of the main branch to the north register 
in the sun-room was based on a friction loss of 0.09 in. of water per 
100 ft. from the main north trunk to the first 45 deg. bend, and on 


*“Heat Transmission,” by W. H. McAdams, pages 99 to 112; also unpublished results of the 
investigation of the power requirements for the Holland Tunnel made by the Engineering Experiment 


Station of the University of Illinois. , : 
3 s} Honting, Ventilating, and Air Conditioning,” by L. A. Harding and A. C. Willard, second 


edition, page 673. 
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0.08 in. from there on to the register face. The computed loss in this 
case was 0.0427 in., thus making a damper necessary. 

In all cases, the branch ducts were made the full size of the register 
boxes or wall stacks to which they were attached, and dampers were 
installed to provide the resistance necessary to regulate the air quan- 
tities delivered. The computed velocity in these ducts did not exceed 
750 ft. per min. in any case. These computed velocities are listed for 
both trunks and branches in the table in Fig. 1. 

The cold-air duct system was divided into the four trunks shown 
in Fig. 1, and the volume of air for each trunk, at 70 deg. F. and 29.92 
in. of mercury, was computed from the total volume of air at 135 
deg. F., subject to minor adjustments in order to permit approxi- 
mately equal apportionment among the trunks. In the case of the 
cold-air system, the ducts were limited by structural considerations 
to the sizes listed in the table in Fig. 1. The corresponding air vol- 
umes and velocities are also shown in this table, from which it is 
evident that the maximum velocity was 773 ft. per min. The latter 
was a negligible deviation from the limiting velocity, or 750 ft. per 
min. The circular equivalents of the duct sizes shown were living- 
room, 11.5 in.; hall No. 1, 11.6 in.; hall No. 2, 12.2 in.; and sun-room, 
12.3 in. From the corresponding air quantities, the losses per 100 ft. 
of duct read from the friction chart were 0.110, 0.115, 0.090, and 0.080 
in. of water respectively. Since the return air was at approximately 
70 deg. F. these friction losses required no correction for air density. 
The total equivalent length of the duct to the floor register in the sun- 
room was 68.8 ft., and the total friction and shock loss in this duct was 
68.8 X 0.08 

100 
0.016 in. of water for the duct from the living-room and 0.048 in. of 
water for the smaller duct from the hall. Since these losses were less 
than that for the sun-room duct the use of dampers was necessary. 

The total head on the fan required to deliver the air would be the 
velocity pressure at the last register face for the trunk showing the 
maximum losses, plus the sum of the losses for this same trunk, plus 
the sum of the losses in the cold-air trunk showing the maximum 
losses. The maximum loss of 0.047 in. of water occurred in the north 
trunk, leading to the northwest bedroom, and the velocity pressure 
corresponding to an average velocity of 7 ft. per sec. through the free 
area of this register was 0.010 in. of water. To the sum of these two 
was added a register loss of 1.5 X 0.010 = 0.015 and a bonnet entry 
loss of 0.006, corresponding to 0.2 the velocity pressure computed for 
a velocity of 12 ft. per sec. at the bonnet. The total head required at 


= 0.055 in. of water. Similar calculations gave losses of 
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the bonnet was, therefore, 0.047 + 0.010 + 0.015 + 0.006 = 0.078 
in. of water. The maximum loss on the cold-air side was 0.055 in. 
To this was added a register loss of 0.034 in., making a total of 0.089 
in. of water for the cold-air side of the system. The turbulence loss 
through the casing including the loss at entry was assumed as 0.100 
in. of water. Hence the estimated total head on the fan was 0.078 + 
0.089 + 0.100 = 0.267 in. of water. The greatest elements of un- 
certainty in this computation resulted from the assumption of a 
uniform velocity at all parts of the outlet register face, which is known 
to be incorrect, and the assumption of a loss of 0.100 in. of water 
through the furnace casing. The latter value is of the same order of 
magnitude as the computed losses in the two parts of the duct system. 
The significance of these assumptions is discussed in Section 24. 
From the rating curves for the type of fan under consideration the 
ratio of rated total pressure to static pressure was determined as 1.40. 
It was then assumed that the fan in operation in the system would 
maintain this same ratio. Hence the static pressure on the fan in the 


1.40 
proximately 2320 c.f.m. at 70 deg. F. and 29.92 in. of mercury was 
required, and the rating curves (see Fig. 17) indicated that the fan 
under consideration would deliver 2320 c.f.m. against a static pressure 
of 0.19 in. of water when it was operated at a speed of 430 r.p.m. 


system would be = 0.19 in. of water. An air delivery of ap- 


16. Preliminary Observations and Adjustments.—Although the 
computations for the design of the plant indicated that dampers in 
certain ducts would be necessary, it was considered of some interest 
to determine the amount of correction required before the dampers 
were installed and adjusted. Preliminary observations were therefore 
made without dampers in any of the ducts. The resulting room tem- 
peratures, register air temperatures, and anemometer readings at the 
register faces, with an outdoor air temperature of 45 deg. F. are 
shown in Table 1. A diagram of temperatures at various points in 
the system for both on and off periods for the fan is also shown in 
Fig. 10. 

From Fig. 10 and Table 1 it is evident that the enlarged portions 
of the trunks near the bonnet of the furnace acted as a plenum 
chamber and, in effect, the trunks started from the junctions with this 
chamber. The highest room temperatures were obtained in the hall, 
living room, and east bedroom, all of which were served by short 
branches taken directly from the plenum chamber, indicating that a 
relatively large proportion of the air was being taken by these ducts. 
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Fie. 10. Branca Duct, Recister-Air AND Room-Air TEMPERATURES, 
BerorE AND AFTER DAMPERING, FOR INSTALLATION No. 11 


In connection with this it is interesting to note that the combined 
effect of the high bonnet and large trunks near the furnace was to 
equalize the temperature of the air in the two trunks. The difference 
in temperature between the two trunks was only 1.5 deg. F., irrespec- 
tive of whether the fan was operating or not. All previous gravity 
and combination gravity and fan systems tested in the Research 
Residence had shown inequalities in temperature much greater than 
this in the furnace bonnet at the entrance to the various warm-air 
pipes. 

The rooms served by the most remote registers on the three main 
trunk systems, that is the northwest bedroom and the sun-parlor, 
showed temperatures of 71.1 and 71.7 deg. F. respectively, indicating 
that the resistances of these trunks were practically the same. The 
calculated resistances were 0.047, 0.0452 and 0.0427 in. of water. 
Rooms served by comparable branches, such as the kitchen and din- 
ing-room, with temperatures of 73.4 and 72.9 deg. F., were also 
practically in balance. The branch to the southwest bedroom, 
while comparable in length with these two, was of smaller size and 
included a complicated fitting at the junction with the trunk. These 
disadvantages were reflected in a somewhat lower temperature, 70.3 
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deg. F., obtained in this room. In general the same conclusions could 
have been drawn from the register air temperatures and velocities at — 
the registers as from the room air temperatures. The velocities at the 
register faces, however, were influenced by the fact that the ratio of 
free area to duct area was not the same in all cases. 

The effects of long runs and small ducts are clearly shown in the ‘ 
cases of the bathroom and the east and west dormitories. The room ~ 
temperatures obtained were 67.8, 66.1 and 63.1 deg. F. respectively. 
These three ducts also had disadvantageous fittings of the type shown 
in Fig. 4b, which were later corrected by using fittings of the type 
shown in Fig. 4c. The conditions in these rooms further indicate 
that comparatively flat ducts as small as 3 in. x 10 in. are not to be 
recommended when used in connection with relatively large ducts, 
on account of excessive loss in air temperature. Thus the drop in 
temperature from the junction with the trunk to the register face was 
15 deg. F. in the case of the west dormitory and 14 deg. F. in the case 
of the bathroom. The corresponding drop’ in temperature in the 
duct to the northwest bedroom, which was comparable in length, 
but 8 in. x 81% in. in cross-section, was only 2 deg. F. 

The performance of the system with intermittent operation of the 
fan was seriously complicated by “‘gravity” action in certain ducts. 
The anemometer readings in Table 1 indicate that during the off- 
periods of the fan practically no gravity circulation occurred in the 
ducts to the first floor. Very marked gravity circulation occurred in 
the ducts to the second and third floors, however, and the amount of 
circulation was determined by the resistance of the particular ducts. 

The effect of intermittent fan operation in the ducts in which 
gravity flow occurred, as distinguished from those in which it did not 
occur, is shown in Fig. 11. The case of the former is illustrated by « 
the lower curve in Fig. 11 from which it is evident that during the 
off-period of the fan the temperature of the air delivered at the reg- 
ister gradually rose, and when the fan started this temperature was 
quickly brought down to the normal operating temperature. In the 
case in which practically no gravity flow occurred, however, as illus- 
trated by the upper curve in Fig. 11, the air in the duct gradually 
cooled during the off-period of the fan and was immediately replaced 
with air at normal operating temperature taken from the bonnet as 
soon as the fan started. 

After the dampers were installed and adjusted the plant was 
brought into balance and as indicated in Fig. 10 the room tempera- 
tures were all within plus or minus 1.0 deg. of 71.0 deg. F. with the 
exception of the sun-room and the west dormitory which were within 
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Fig. 11. Typrcan VarIATIONS IN AiR TEMPERATURE WITH INTERMITTENT 
FAN OPERATION IN INSTALLATION No. 11 


2.0 deg. The first tests on the plant were conducted under these 
conditions and with the cold-air grille in the floor of the sun-room in 
service. 


17. Conclusions.—The following conclusions may be drawn from 
the preliminary observations: 

(1) The installation of dampers is necessary in a forced-air heating 
system in order to obtain proper heat supply and temperature balance 
in the rooms. 

(2) The use of branch ducts as small as 3 in. x 10 in. in connection 
with much larger ducts is not to be recommended, on account of the 
excessive drop in temperature of the air flowing in such ducts. 

(3) A high bonnet and large ducts at the bonnet act as a plenum 
chamber and serve to equalize the temperature of the air at the outlets 
from the bonnet. 

(4) A certain amount of “gravity” action takes place in a forced- 
air system during the off-period of the fan. Most of this action occurs 
in ducts leading to second and third stories, and complicates the 
problem of control.for such systems. 
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V. PerRrorRMANCE CHARACTERISTICS OF ForcED-—AIR 
HEATING SYsTEM 


18. Velocity of Air in Ducts——After the dampers had been ad- 
justed so that a temperature of 71 deg. F., plus or minus one degree, 
was obtained at the breathing level in all of the rooms in the Research 
Residence, a study was made of the total air delivery of the fan and 
of the velocity of the air in the ducts. This study was made on 
Installation No. 11. The air delivery was determined from a 30-point 
traverse with a Pitot tube at the fan outlet, as discussed in Section 12. 
The air velocity at the various sections in the ducts was also measured 
by means of a Pitot tube used in connection with a Wahlen gage or 
Illinois micromanometer, and 12- or 16-point traverses were made, 
depending on the size of the duct at the section under consideration. 

As indicated in Section 15, the design of the plant was based on an 
air delivery of 2561 c.f.m. at 135 deg. F. and 29.92 in. of mercury or 
2320 c.f.m. at 70 deg. F. and 29.92 in. of mercury. Owing to the 
resistance introduced by dampers, however, the actual delivery at 
the fan outlet, without air filters in the system, was 2100 c.f.m. at 
70 deg. F. and 29.92 in. of mercury. 

A diagrammatic chart of the design velocities and actual velocities 
obtained at various points in the system, all based on air at 135 
deg. F., is shown in Fig. 12. From this diagram it is evident that 
considerable differences occurred between the design velocities and 
the actual mean velocities existing in the ducts. In spite of this fact, 
however, no difficulty was experienced in balancing the plant with 
dampers and in obtaining satisfactory results from the standpoint of 
maintaining the room temperatures desired, and of equalizing tem- 
peratures in the different rooms. The evidence supports the conclu- 
sion that the forced-air system has a wide range of flexibility, and that 
variations in air temperatures in the various parts, or in the system 
as a whole, are easily adjusted by compensating variations in the 
amount of air flowing. That is, the heat delivered is a function of 
both the weight of air flowing and the temperature of the air, and the 
large number of possible combinations of these two factors resulting 
in the same heat delivery offers a wide range from which to select in 
making adjustments. 

In most cases, the actual mean velocity was less than, or did not 
greatly exceed, the 750 ft. per min. on which the design was based. 
In the branches to the two dormitories, and the bathroom, however, 
mean velocities of approximately 890 and 1100 ft. per min., respec- 
tively, were obtained. Even with these high velocities no appreciable 
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Fie. 12. DresigN VELOCITIES AND ACTUAL VELOCITIES IN Ducts 
IN InstTALuATION No. 11 


Design velocities are based on 135 deg. F. air temperature in ducts and 2320 ¢.f.m. (at 70 
deg. F.) air delivery by fan. 

Actual velocities were determined with 2100 ¢.f.m. (at 70 deg. F.) air delivery by fan. Ve- 
locity traverses of the duct were made by 12- or 16-point Sola sige at each section with the 
Wahlen gage. Readings are corrected to air density at 135 deg. F., density 0.067 lb. per cu. ft. 


air noise was evident. The 1100 ft. per min., however, may be re- 
garded as the threshold velocity since a faint swish of air was barely 
audible with the ear placed close to the register face. No noise from 
the fan, either mechanical or due to air velocity, was noticeable at 
fan speeds below 500 r.p.m. Some noise was noticeable at speeds 
between 500 and 600 r.p.m. and at speeds above 600 the fan was 
decidedly noisy. 

Low mean velocity in the duct does not necessarily imply that no 
noise is possible. This is illustrated by the observation made near to 
and downstream from the damper in the extreme north trunk shown 
in Fig. 12. In this case, the mean velocity was 810 ft. per min., but 
the maximum velocity in the air stream was 1266 ft. per min., and 
the minimum only 122 ft. per min., or a variation of 10 times between 
the maximum and minimum. In this particular case no noise oc- 
curred because the damper presented a smooth rounded surface 
producing a streamline effect. The presence of a less advantageous 
fitting at this point would almost certainly have resulted in noise. 
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The flow at nearly all points was characterized by considerable dif- 
ferences between the observed maximum and minimum velocities in 
the stream. 


19. Performance of Plant—No attempt was made to determine 
virtual capacities or efficiencies of the plant with intermittent opera- 
tion of the fan. Average temperatures and air weights would be 
- meaningless unless the various readings were weighted in some way 
proportional to the length of ‘‘on and off” periods. Periods during 
which temperatures were increasing or decreasing, while air weights 
were remaining constant, complicated the situation, and made it 
impossible to determine any proportionality factor based on time. 
Furthermore, all quantities were not involved to the first power alone, 
and the average of a number of instantaneous results involving multi- 
plication, division, addition and subtraction indiscriminately is not 
numerically equal to the result obtained by the same form of calcula- 
tion applied to the averages of the several factors, particularly when 
these factors are varying from zero toa maximum. Hence the actual 
efficiency and capacity of the furnace on intermittent fan operation 
are indeterminate, and a statement of such quantities based on arbi- 
trary approximations would be meaningless. The performance of the 
plant was therefore studied under conditions of continuous fan 
operation. 

The performance curves for the forced-air plant, operated on 
anthracite and with the fan running continuously, are shown in Fig. 
13. These curves are based largely on observations made on Instal- 
lation No. 11, with air filters in place, and on Installation No. 12, 
in which no filters were used. In each of these two installations, the 
air delivery was approximately 1675 c.f.m. at 70 deg. F. Two points 
at a combustion rate of 1.4 lb. per sq. ft. per hr. were included, based_ 
on the first fan installation without filters, for which the air delivery 
was 2100 c.f.m. These two points are on the curves. At higher com- 
bustion rates it is probable that the plant operated with 2100 c.f.m. 
would have given approximately the same capacity and efficiency, 
but at slightly lower register air temperatures than that given by 
operation with 1675 c.f.m. These curves may therefore be regardeu 
as characteristic for all of the forced-air installations used, althou:- 
one was a single-outlet and the other a double-outlet fan. 

In Fig. 13 it is shown that the volume of air circulated in the 
forced-air system was more than twice as great as that for the gravity 
plant in Installation No. 9. While the efficiency at the bonnet in the 
case of the gravity plant ranged from 47 to 70 per cent, the efficiency 
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Fig. 14. Comsustion Rates AND OvERALL House EFFICIENCY FOR 
Forcep-Air AND GRAVITY SYSTEMS 


of the forced-air system ranged from 73 to 91 per cent. In both cases 
the fuel was anthracite of stove size. The latter efficiencies, although 
high, are comparable with those reported for Installation No. 7 in 
Engineering Experiment Station Bulletin No. 246, in which 1475 cubic, 
feet of air were circulated per minute. These higher efficiencies 
were reflected in higher capacities for the forced-air system as com- 
pared with the gravity plant at the same combustion rates. Register 
air temperatures were lower in the forced-air system than in the gray- 
ity plant. It may be noted, however, by comparing the register air 
and bonnet temperature curves, that the drop in temperature /be- 
tween the bonnet and the registers was not essentially different in the 
two plants. For the forced-air system at a register temperature of 
110 deg. F. the drop in temperature was 16 deg. F. 

Combustion rates and overall house efficiencies for both the 
gravity and the forced-air systems are shown in Fig. 14. The latter 
are based on Installations Nos. 11 and 12 and include observations 


INVESTIGATION OF WARM-AIR FURNACES, PART VI 43 


with all of the different types of controls used. A complete discussion 
of these controls is given in Chapter VIII. The type of control had 
i no appreciable influence on the overall house efficiencies or combus- 
_ tion rates obtained for various indoor-outdoor temperature differ- 
| ences. It is also evident that the high bonnet efficiency obtained in 
i the case of the forced-air system was not reflected as an appreciable 
_ increase in overall house efficiency or a material saving in fuel re- 
_ . quired to heat the house. A complete explanation of this condition is 
given in Engineering Experiment Station Bulletins No. 189, page 52, 
and No. 246, page 53, where it is shown that radiation losses from the 
casing, smoke pipe and chimney are regained as useful heat in the 
house, and that the only real loss results from sensible heat and com- 
bustible in the flue gases. The overall house efficiency obtained with 
the forced-air system was slightly lower than that for the gravity 
plant. This, however, was not due to any deficiency inherent in the 
forced-air system, but rather to the fact that an outside chimney was 
used for this plant and an inside chimney for the gravity plant. In 
the case of the combustion rate curves, the slightly lower efficiency 
resulting from the use of the outside chimney was offset by the some- 
what higher calorific value of the fuel used in the forced-air system as 
compared with that used in the gravity plant. Taking these factors 
into consideration no essential difference in fuel economy is apparent 
for the two plants. 


20. Room Temperature Gradients——The temperature gradients 
from floor to ceiling for various indoor-outdoor temperature differ- 
ences are shown in Fig. 15. These curves are based on results from 
Installation No. 11 with three types of controls. These types are 
discussed in Chapter VIII. With control A no air filters were used, 
and 2100 cu. ft. of air per min. were circulated during the on-periods 
of the fan. This is equivalent to 7.2 recirculations per hr. of the air 
in the heated portion of the house. With controls B and C the plant 
was equipped with air filters and approximately 1675 c.f.m. were 
circulated during the on-periods of the fan, or the equivalent of 5.7 
recirculations per hr. 

In general, the same characteristic results were obtained with 
controls A and C, indicating that neither the type of intermittent 
control nor the difference between the circulation of 2100 c.f.m. and 
1675 c.f.m. had any marked influence on the room temperature gra- 
dients. With intermittent fan operation, for third-story rooms the 
temperature of the air near the floor was of the order of one deg. F. 
higher than the corresponding temperatures obtained with the gravity 
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plant. For first- and second-story rooms the temperature near the 
floor was the same for both the forced-air and the gravity systems. 
For first- and second-story rooms the temperature near the ceiling 
was from 1 to 1.5 deg. F. lower in the case of the forced-air system 
than it was for the gravity plant. For the third story this was also 
true with indoor-outdoor temperature differences greater than 40 deg. 
F., but the reverse was true for lower differences. 

With continuous fan operation, designated as control B, there was 
a marked improvement in temperature gradients for the forced-air 
system as compared with those for the gravity plant. The greatest 
improvement was shown on the third floor where the temperatures. 
near the floor were increased approximately 2 deg. F. and tem per- 
atures near the ceiling were decreased from 0.5 to 2 deg. F., the 
maximum benefit being obtained in cold weather. For the first- and 
second-story rooms the temperatures near the floor were increased 
from 0.5 to 1.5 deg. F. and the temperatures near the ceiling decreased 
approximately 1.5 deg. F. as compared with those for the gravity 
plant. 


21. Conclusions.—The following conclusions may be drawn from 
the results presented: 

(1) Owing to the necessity for final adjustment by means of 
dampers, the actual velocities of the air in the various ducts of a 
foreced-air system may show considerable variation from the velocities. 
assumed for the purpose of design. 

(2) The forced-air system is very flexible and allows a wide range 
in adjustment in the various parts in order to obtain a proper heat 
distribution and temperature equalization between rooms. 

(3) Mean velocities as high as 1200 ft. per min. may occur in the 
ducts of a forced-air system without great danger of air noise if no. 
abrupt changes in direction or restrictions are present. A safe limit. 
for average velocities of 800 ft. per min. in trunks and of 600 to 700 
ft. per min. in branches is to be recommended for the design of such 
systems. 

(4) Great variations occur between the maximum and minimum 
velocities in any given duct section. Reasonable mean velocity is not 
necessarily a criterion for freedom from air noise if a restriction or 
poor fitting causes high velocity in any portion of the air stream. 

(5) Considerably higher capacity and furnace efficiency for givem 
combustion rates may be obtained with a forced-air system than with 


a gravity plant. 


ioe ae” i oe ee r o's SO ae ae 


46 . ILLINOIS ENGINEERING EXPERIMENT STATION 


(6) The high furnace efficiency in a forced-air system as compared 
with that for a gravity plant is not reflected as an increase in overall 
house efficiency or as a saving in fuel required to heat the house. 

(7) The fuel consumption is practically independent of the volume 
of air circulated and of the type of control used in these tests. 

(8) With continuous fan operation, temperatures 1 to 2 deg. F. 
higher near the floor and lower near the ceiling are obtained than the 
corresponding temperatures for a gravity plant. 

(9) With intermittent fan operation no marked improvement of 
the temperature near the floor occurs, but temperatures near the 
ceiling are approximately 1 deg. F. lower than those for the gravity 
plant. 


VI. Pressure Losses IN Forcep—AirR HEATING SYSTEM 


22. Preliminary Statement.—The objects of this study were (1) 
to compare the actual total head on the fan with the total head calcu- 
lated from the conditions assumed for the design of the plant; and (2) 
to separate the pressure losses for the three parts of the system, con- 
sisting of the cold-air side, the furnace and casing, and the warm-air 
side; and to compare these separate losses with the ones calculated or 
assumed for the design of the system. 

For the purpose of this study, Installation No. 11 without air 
filters was used, since this arrangement was the one on which the 
design of the plant was based. The tests were run after the final 
adjustment of the dampers had been made to balance the plant and 
equalize the temperatures among the different rooms of the Residence. 

By changing pulleys on the motor and fan, the speed of the fan 
was adjusted to give a number of successive steps in the cu. ft. of air 
delivered ranging from 1000 c.f.m. to 3000 c.f.m. For each given fan 
speed the combustion rate of the furnace was controlled to maintain~ 
a constant temperature of approximately 135 deg. F. for the air in 
the ducts. No attempt was made to control room temperatures and 
no observations of house data were made. By means of a Pitot tube 
and an inclined manometer or Wahlen gage a number of observations 
were made of the static and total pressures in the furnace bonnet, at 
the fan outlet just outside of the furnace casing, and in the cold-air 
junction box just before the entry to the fan. The locations of these 
stations are shown as B, 1, and 5, respectively, on the diagram 
inserted in Fig. 16. 


23. Theory.—For a duct system in which the pressure is greater 
than atmospheric, the reading obtained on the static connection of a 
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Fig. 16. AcruaL AND CALCULATED Pressure Losses IN Instatiation No. 11 
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Pitot tube represents the true static pressure, or pressure tending to 
burst the duct. The reading on the dynamic tube, or connection, 
is the total pressure, designated here as 7'P, and consists of the sum 
of the static pressure SP and the velocity pressure VP. The total 
pressure at any section, therefore, includes all pressure losses between 
the given section and the outlet, and the velocity pressure necessary 
to deliver the air at the outlet. If the velocity is the same at the sec- 
tion as at the outlet, the static pressure at the section represents all 
pressure losses between the section and the outlet. If the velocity at 
the outlet is not the same as that at the section, the static pressure at 
the section does not represent the pressure losses since changes in 
velocity are also reflected as changes in static pressure. In any case, 
however, the losses between two sections may be obtained by sub- 
tracting the total pressures measured at the sections. Pressure losses 
may be classified under two heads, namely, friction and shock losses. 
The latter result from changes in direction or cross-section of the air 
stream. 

For a duct system in which the pressure is less than atmospheric, 
the reading obtained on the static connection of a Pitot tube, or on a 
piezometer ring, represents the total depression below atmospheric 
pressure, and hence includes both the suction required to create the 
velocity at the given section and the suction required to overcome 
the losses in the duct from the entrance up to the section. The losses 
are therefore represented by the difference between the total suction 
or depression 7’S and the velocity pressure VP at the given section. 
This is equivalent to subtracting the total pressures measured above 
an absolute zero for the two sections under consideration. The read- 
ings of the dynamic tube really represent the static depression, or the 
total suction minus the velocity pressure. 


From the preceding discussion, it is apparent that in the case of | 


the forced-air system, involving many changes in cross-section and~ 
hence many changes in velocity, the static pressures at any given 
section are comparatively meaningless unless interpreted in the light 
of the previous changes in velocity. Such interpretations are usually 
devious and complicated. Differences in total pressure can be di- 
rectly interpreted in terms of both friction and shock losses. The 
analysis of the forced-air system has therefore been confined to a 
consideration of the total pressures and pressure losses in the different 
parts of the system, and no attempt has been made to interpret the 
losses in terms of static pressures at various sections. 
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24. Pressure Losses.—The observed pressures at Stations 5, 1, and 
B plotted against the air delivery of the fan are shown in the upper 
curves in Fig. 16. In designating these curves, TP represents the 
total pressure measured by the dynamic part of a Pitot tube, T'S the 
total suction or depression measured by the static part of the Pitot 
tube, and VP the velocity pressure measured by the combined read- 
ings of the dynamic and static parts of a Pitot tube. Anemometer 
readings at the register faces in the sun-room and northwest bed- 
room indicated that when the fan was delivering 2000 c.f.m. the 
velocity at the register faces was approximately 400 ft. per min. 
The curve for velocity pressure at the register faces, designated as 
V Pr, was computed on the assumption that as the air delivery of the 
fan varied from 2000 c.f.m., the velocity at the register varied by the 
same proportion. That is, the velocity at the register face was equal 
to 400 times the ratio of the c.f.m. delivery to 2000. The velocity 
pressure was calculated from the fundamental equation: 


12d V? 
VP = ———_— (1) 
2gk 


in which VP = velocity pressure in in. of water, V = velocity in ft. 
per sec., g = acceleration due to gravity = 32.2 ft. per sec. per sec., 
k =density of water = 62.4 lb. per cu. ft., and d = density of air at 
observed pressure and temperature in lb. per cu. ft. 

The curves for the observed data are not directly comparable 
with the pressures assumed and computed for the design of the 
system, but form the basis for the derived curves, shown in the lower 
part of Fig. 16, which are directly comparable with the design data. 
The latter have been discussed in Section 15. Briefly summarized 
these design pressures in in. of water were: total on warm-air side 
at bonnet, including entry loss at bonnet, friction and shock losses 
in duct system, and outlet velocity pressure at registers = 0.078, 
friction and shock losses in inlet duct = 0.089, assumed loss through 
casing, including entry loss to casing = 0.100. The total head on the 
fan, consisting of the sum of all losses and the final velocity pressure 
at the registers, represented by the sum of the preceding values, was 
0.267 in. of water, and the final velocity pressure at the registers was 
0.010 in. of water. These values have been plotted as the points at 
2300 c.f.m. air delivery shown in the lower part of Fig. 16. 
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The curves for TP on the fan were derived by substituting values 
read from the upper set of curves shown in Fig. 16, in the equation 


TP onfan = TP; + TS; — VP; (2) 


The curve for total losses on the system was then derived by use of 


the equation 
Total losses = TP on fan — VPz (3) 


From these curves it may be noted that at the delivery of 2300 c.f.m., 
on which the design of the plant was based, the actual total pressure 
on the fan was higher than the calculated total pressure. The former 
was 0.335 in. while the latter was 0.267 in. of water, or the pressure 
used for design was 80 per cent of that actually obtained in operation. 
The same was true for the total losses, the corresponding values being 
0.324 and 0.257 in. This condition was undoubtedly brought about 
by the use of dampers to balance the plant, and accounts for the 
fact that the actual air delivery at the rated speed of 440 r.p.m. of 
the fan was 2100 c.f.m. instead of 2300 c.f.m. Since dampers are 
necessary, this condition can be taken into consideration either by 
making some allowance in the total pressure used for the design of 
the plant, or by allowing the plant to adjust itself, after installation, 
to slightly higher register air temperatures than those assumed for 
the design. 

The curve for pressure losses in the warm-air trunk system was 
derived by substituting values from the upper curves in equation 


Loss in warm-air trunk = TPs — VPR (4) 


The loss in the cold-air side was obtained by use of equation 


Loss in cold-air side = T'S; — VP; (5) 


Comparing the actual losses with the calculated losses for the two 
sides of the system at an air delivery of 2300 c.f.m. it may be noted 
that on the warm-air side the actual loss was 0.185 in. and the cal- 
culated loss was 0.078 in., while on the cold-air side the actual loss 
was 0.100 in. and the calculated loss was 0.089 in. of water. That is, 
on the warm-air side the loss used for design was 42 per cent of the 
actual loss, and on the cold-air side it was 89 per cent. Hence it is 
evident that the influence of certain elements of uncertainty was 
greater on the warm-air side of the system than it was on the cold-air 
side. The dampers were a disturbing influence, the effect of which 
could not be estimated in advance. In addition, the nature and 
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amount of shock losses could not be predicted with any degree of 
accuracy. Shock losses occur with every change of air velocity and 
with every change in the direction of the air stream. Such changes 
in velocity take place at the changes in area of the duct section. 
They vary from a small fraction to approximately one half of the 
velocity pressure existing before the section, and are largely indeter- 
minate. Great variations in the velocity in different portions of the 
air stream across a given section also introduce indeterminate shock 
losses. Furthermore, if extreme variations in the velocity at the 
different portions of a register face occur, the actual average velocity 
pressure at the face is higher than the velocity pressure calculated 
from the average velocity. This is true because the velocity pressure 
at the different points is a function of the square of the velocity and 
the average of the squares of a number of readings is greater than the 
square of the average of the readings. Advance estimation unfortun- 
ately must be based on the probable average velocity at the register 
face. All of these factors enter into the operation of the plant after 
it is installed and render complete and exact advance estimation of 
the pressure losses practically impossible. 

The curve for loss through the furnace and casing, including the 
entry loss to the casing, was derived by substituting values from the 
upper curves in equation 


Loss through casing = 7'P; — TP, (6) 


The actual loss in this case was 0.040 in. of water as compared with 
0.100 in. which was assumed for the purpose of design, or the actual 
loss was only 40 per cent of that assumed. This loss also could not 
be estimated in advance, and might easily have an order of magnitude 
comparable with the entire loss on either the warm-air or cold-air 
side of the system. It therefore may assume an important part in 
the uncertainty of advance estimates of the pressure loss. 

From these results it is apparent that in the design of this plant 
the losses on the warm-air side were considerably underestimated, 
and the loss through the furnace casing was somewhat overestimated. 
In the design of similar plants it might be advisable to increase the 
calculated losses in the warm-air ducts by 100 per cent to allow for 
the effect of dampers and indeterminate shock losses, and to assume 
a mean value of approximately 0.05 in. of water for the pressure loss 
through the casing when the latter is not baffled nor unusually small. 


25. Performance of Fan.—The wide range of air deliveries used in 
the study of pressure losses in Installation No. 11 also afforded means 
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for a complete study of the performance of the fan. Most of these 
tests were made with air filters in the system. The results are shown 
in Fig. 17, in which the light full line curves represent the data 
plotted from the manufacturer’s table of ratings and the heavy 
broken lines are interpolated curves for the average speeds at which 
the fan was operated. The static pressures are the measured static 
pressures against which the fan actually operated. 

Each point representing a fan test is accompanied by a figure 
indicating the speed at which the fan was operated. The designa- 
tions refer to the designations of the different filters discussed in 
Chapter VIII. From these points, it may be noted that the air deliv- 
ery of the fan closely approximated the delivery predicted from the 
manufacturer’s rating. This close agreement may be regarded as an 
independent check both on the accuracy of the rating and on the ac- 
curacy of the method of determining the air quantities on the tests 
on Installation No. 11. 


26. Conclusions—The following conclusions may be drawn from . 
the results of these tests: 

(1) Statie pressures measured in various parts of a forced-air 
system are meaningless unless interpreted in the light of changes in 
air velocity as well as of friction and shock losses. 

(2) Owing to the presence of shock losses, the magnitudes of which 
are largely uncertain, complete and exact advance estimation of the 
pressure losses in a forced-air system is practically impossible, and 
the actual pressures under which the plant operates may differ con- 
siderably from the predicted or estimated pressures on which the 
design of the plant was based. 

(3) The actual pressures under which the plant operates may 
differ considerably from the predicted or estimated pressures on which 
the design of the plant was based, without impairing the usefulness 
of the plant or preventing satisfactory adjustment and operation. 

(4) In the design of a forced-air heating system a generous allow- 
ance should be made for the effect of dampers, particularly on the 
warm-air side. Such dampers may have to be set to offer a very 
high resistance in some of the worst or longest runs to take care of 
an unforeseen condition introduced by a poor branch. 

(5) The pressure loss through the casing of the furnace tested, 
including the entry loss to the casing, is of the order of 0.05 in. of 
water when no baffles are used in the casing. 
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VII. Pressure Losses THrouGcH AIR FILTERS IN 
Forcrep—AIrR SYSTEM 


27. Objects of Study.—The objects of this study were (1) to deter- 


mine the losses in pressure occurring through types of filters in com- 
mon use, and the relative importance of such losses as compared 
with the total losses in pressure in the system as a whole; (2) to 
determine the rate at which the loss in pressure increases as the 
filter becomes fouled with the dirt removed from the air; and (3) to 
determine the effect of clean and fouled filters on the power required 
to operate the fan in a forced-air system. 


28. Description of Equipment.—For the purpose of these tests the 
filters were installed in the cold-air return duct of Installation No. 11. 
Just above the inlet to the fan, as shown in Fig. 3c, the cold-air 
return was swaged in to accommodate two 16 in. x 25in. filters. The 
cold-air return was 30 in. x 3734 in., and the swaged portion was 
25 in. x 32 in., thus presenting a gross, or face, area of 5.56 sq. ft. for 


' the filters. 


In all cases two 16 in. x 25 in. filters were used, placed edge to 
edge, with the surfaces normal to the flow of the air. They were 
designated by numbers as follows: 

No. 1, Viscous-coated spun glass filter, 244 in. in thickness, that 

had been in service 28 days. 

No. 2, Viscous-coated spun glass filter, identical with No. 1, but 

recently installed and clean. 

No. 3, Viscous-coated steel wool filter, 244 in. in thickness, re- 

cently installed and clean. 

No. 4, Return duct without filter. 

No. 5, Paper filter; thin layer of porous paper folded over a frame 


of copper wire screen forming a corrugated surface normal to ~ 


the flow of the air; depth of corrugations 3 in. ; recently installed 
and clean. 

No. 6, Copper fabric filter; several layers of copper shavings 
woven into a fabric and held in place by heavy-wire large-mesh 
netting on one side and three layers of fine-cut steel grilles on 
the other; thickness 1 in.; recently installed and clean. 


29. Test Procedure.—The tests were confined to the determination 
of the pressure losses through the filters, and no attempt was made to 
measure or evaluate the cleaning efficiency or the amount of dirt 
removed from the air. 
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For any given filter installation the air delivery of the fan was 
varied by varying the sizes of pulleys on the fan and motor shafts. 
A number of fan speeds were thus obtained, covering the range of 
from 330 to 620 r.p.m. At each of the fan speeds used, observations 
were made of the pressure drop through the filter, the volume of air 
delivered by the fan, the power consumption of the fan and motor, 
and the air temperatures. The pressure drop through the filter was 
determined by means of a differential inclined tube manometer ar- 
ranged as shown in the inset in Fig. 18. The piezometer connections 
were made at the duct by soldering a copper nipple to the outside 
surface and drilling a small hole through the metal of the duct with a 
No. 50 drill after the nipples were in place. The burrs were then 
removed and the inside surface was made smooth at the entrance of 
the holes. The pressure indicated was therefore the true total de- 
pression, and since no change in air velocity occurred between the 
two points of attachment, the reading of the gage was a direct 
measure of the loss in pressure through the filter. 

The volume of air delivered by the fan was determined by means 
of anemometer traverses made in the two portions of the cold-air 
return indicated in Fig. 3c. The anemometers were calibrated in 
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place by comparing their readings with the volume of air measured 
at the fan outlet by means of a Pitot tube used in connection with 
an inclined manometer or a Wahlen gage. A 30-point traverse in the 
cross-section of the duct between the fan outlet and the casing was 
used for this purpose. 

In the test made for the purpose of determining the rate at which 
the pressure drop through the filter increased with service, the filter 
was left in service for a period of 26 days and the plant was operated 
normally (see Section 12) to supply the varying heat demands of the 
house over this period. Daily observations of volume of air delivered 
by the fan and of the pressure drop through the filter were made. 
The power input to the fan motor was observed at the beginning and 
the end of the period. 


30. Pressure Loss Through Clean Filters—The loss in pressure 
through, or the resistance of, the different types of clean filters tested, 
correlated with the total volume of air circulated by the fan, is shown 
in Fig. 18. For convenience, the volume of air per filter is also given. 
It may be noted that the drop in pressure through the swaged 
portion of the cold-air duct without any filters in place, arrangement 
No. 4, was zero for all fan deliveries. Hence the drop in pressure 
read on the differential gage with the filter in place represented di- 
rectly the loss in pressure through the filter alone. This loss in 
pressure depended on the type of filter and was greater for the more 
closely packed or woven filters than it was for the ones less closely 
packed or woven. 

For comparison, the total pressure loss in the system as a whole 
without filters installed has also been shown in Fig. 18. This curve 
has been reproduced from Fig. 16, where it was discussed in connec- 
tion with Section 24. At the rated speed of the fan of 440 r.p.m., 
at which the fan was normally operated during the heating season, 
the average volume of air circulated with the filters in place was 
approximately 1675 cu. ft. per min. This corresponded to 837 cu. 
ft. of air per min. per filter, or, since the face area of the two filters was 
5.56 sq. ft., to an average face velocity of 300 ft. per min. The present 
practice recommended by the National Association of Air Filter Man- 
ufacturers is to limit the air passed through a 16 in. x 25 in. filter to 
600 c.f.m. per filter. Hence, as measured by this standard, the filters 
as used on the tests were somewhat overloaded. The curves, however, 
may be used to compare the loss that would have been obtained if any 
number of filters had been installed and any given amount of air up to 
2700 c.f.m. had been circulated in the plant. 
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i Under the test conditions, with 837 cu. ft. of air circulated per 

| filter, the most loosely-packed filter, No. 6, gave a pressure loss of 0.04 

: in. of water, and the most closely-packed, No. 2, a pressure loss of 0.12 
in. of water, as compared with the total loss of 0.17 in. of water for the 
whole system without filters installed. That is, in the case of the 
closely-packed filter, the filter itself produced an additional resistance 
equal to 71 per cent of the original resistance in the system. The most 
loosely-packed filter added a resistance equal to 24 per cent of the 
original. If three filters had been used as recommended by the Na- 
tional Association of Air Filter Manufacturers, and the total volume 
of air circulated had been maintained at 1675 c.f.m., the air passed 
per filter would have been 558 c.f.m. 

At 558 c.f.m. per filter it may be noted that the most loosely- 
packed filter, No. 6, gave a pressure loss of 0.02in. of water, and the most 
closely-packed, No. 2, a pressure loss of 0.065 in. of water as compared 
with the total loss of 0.17 in. of water that would have occurred for 

_ the whole system if 1675 c.f.m. had been circulated without filters 
installed. In this case the closely-packed filter would have produced 
an additional resistance of only 38 per cent of the original resistance 
in the system and the most loosely-packed filter would have added a 
resistance equal to 12 per cent of the original. In any case it is evident 
that if the use of filters is contemplated, allowance should be made in 
the design of the system, and information in regard to the resistance 
should be available for the different types of filters in common use. 


31. Effect of Length of Service and Accumulation of Dirt.—The 
results of the service test of filter No. 1 made over a period of 26 days 
of continuous operation under normal heating conditions are shown in 
Fig. 19. In this case, the fan was operated intermittently under 
control of the room thermostat in response to the heat demand on 
the house. During the running periods, the fan operated at a speed 
of 440 r.p.m., and the quantities shown in Fig. 19 are those existing 
during these running periods. It is apparent that, due to the accu- 
mulation of dirt in the filter, a progressive increase in the resistance of, 
or pressure drop through, the filter occurred. In the 26 days this pres- 
sure drop increased from 0.13 in. of water to 0.18 in. of water, or an 
increase of 38 per cent. With the fan operated at constant speed, 
the volume of air delivered decreased from 1725 c.f.m. to 1575 c.f.m., 
or a decrease of 9 per cent. During this period of operation, the face 
velocity at the filters varied from 310 ft. per min. to 283 ft. per min. 
and the cu. ft. of air per filter varied from 862 to 787. If the quantity 
of air circulated had been limited to 600 c.f.m. per filter, the total 
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pressure loss and the rate of increase of the loss would undoubtedly 
have been less. Since the fan was operated at constant speed, the in- 
crease in pressure in the system and consequent decrease in air deliv- 
ery tended to unload the fan motor. Hence the electrical input de- 
creased from 253 watts to 240 watts. With the decrease in air volume 
and decrease in load on the fan, a slight increase in register air tem- 
perature occurred to offset the decrease in volume. 

More complete data on the effect of dirty filters over a wide range 
of air delivery and in relation to the pressures in the system without » 
filters are shown in Fig. 20. The data for filter No. 1 were obtained — 
two days after the completion of the 26-day service test shown in 
Fig. 19, and the filter had the dirt accumulation from 28 days of 
operation. The data on filter No. 2, which was identical in construc- 
tion with No. 1, were obtained immediately after installation. Under 
actual test conditions at 1675 c.f.m., representing 837 c.f.m. per filter 
or 300 ft. per minute face velocity at the filter, the pressure loss of the 
clean filter was 0.12 in. of water and the pressure loss through the 
system without filters was 0.17 in. of water. Hence, the total pressure 
loss in the system with the clean filter was 0.29 in. of water, represent- 
ing an increase of 71 per cent over the pressure loss of the system 
without filters. The pressure loss through the dirty filter was 0.19 in. 
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of water and the total pressure loss in the system with the dirty filter 
was 0.36 in. of water, representing an increase of 112 per cent over 
that for the plant without filters and of 24 per cent over that for the 
plant with the clean filters. 

If the quantity of air per filter had been limited to 600 c.f.m. as 
recommended by the National Association of Air Filter Manufactur- 
ers, three filters would have been required. Under these conditions if 
the total volume of air circulated had been maintained at 1675 c.f.m. 
the air passed per filter would have been 558 c.f.m., and the pressure 
loss through the filters alone would have been 0.065 in., making a total 
of 0.235 in. for the system, representing an increase of 38 per cent. 
The loss through the dirty filters with 558 c.f.m. per filter would have 
been 0.10 in. of water. Hence the presence of the dirty filters would 
have increased the loss through the system from 0.17 in. of water to 
0.27 in., representing an increase of 59 per cent over that for the plant 
without filters and of 15 per cent over that for the plant with the clean 
filters. 


32. Conclusions.—The following conclusions may be drawn from 
the data presented, as applying to the particular plant tested, and the 
conditions under which the tests were run. 
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(1) The resistance of filters depends on the type of filter and on the 
closeness of the weave or the compactness of the material used in their 
construction. The total resistance in the system depends on the type 
of filter, the method of installation, and the quantity of air passed 
per filter. 

(2) With 16 in. x 25 in. filters, and with 837 cu. ft. of air per min. 
passed per filter the additional pressure loss imposed by a clean filter 
may be as high as 70 percent of the pressure loss in the plant without 
the filter or 40 percent of the total losses in pressure with the filter in 
place. 

(3) With 16 in. x 25 in. filters and with the amount of air passed 
per filter limited to 600 c.f.m. as recommended by the National Asso- 
ciation of Air Filter Manufacturers, the additional pressure loss im- 
posed by a clean filter will probably not exceed 38 per cent of the pres- 
sure loss in the plant without the filter or 28 per cent of the total losses 
in pressure in the plant with the filter in place. 

(4) The resistance of a filter increases progressively but not uni- 
formly with the time of service. With 837 c.f.m. passed per filter this 
increase may be as high as 38 per cent at the end of 26 days of service. 

(5) With a constant-speed motor-driven fan, the air delivery of 
the fan and the electrical input to the motor decrease progressively 
but not uniformly as the filter accumulates dirt in service. 


VIII. Avromatic ConrroL Systems For ForcEep—AIR 
Heatinc PLant 


33. Preliminary Statement.—The principal objects of this study 
were (1) to determine the particular features that are essential to a 
good control system; and (2) to compare the performance character- 
istics of several different control systems, and to classify them from 
the viewpoint of satisfactory performance. . 

The different control systems were all used in connection with 
Installations Nos. 11 and 12, and both the heating plant and the 
Residence were operated normally as discussed in Section 12. The 
air delivered by the fan during most of the tests was approximately 
1675 c.f.m.; but a few tests were run at 2100 c.f.m. Most of the 
tests were run with anthracite as discussed in Section 12. A few tests, 
however, were run with a high volatile bituminous coal. Since the 
operating characteristics with solid fuels are different in many re- 
spects from those obtained with liquid or gaseous fuels the results in 
this bulletin cannot be applied to the latter fuels without modification. 


INVESTIGATION OF WARM-AIR FURNACES, PART VI 61 


34. Requirements of a Control System.—The success or failure of a 
coal-fired, forced-air heating plant is to a great extent dependent on 
the worth of the automatic control system used to govern its opera- 
tion. A study of the eleven types of control systems used in the 
Research Residence has indicated certain desirable features which 
an automatic control system should possess in order to insure satis- 
factory operation of the plant as a whole. In order to accomplish 
this, a good control should 

(1) Maintain constant and uniform house temperatures for all 

weather conditions. 

(2) Be dependable. 

(3) Be simple in construction and operation. 

(4) Maintain a uniform combustion rate just sufficient to balance 

the heating demands on the plant. 

(5) Handle sudden demands on the heating plant without allow- 

ing furnace temperatures to increase beyond a safe limit. 

(6) Entail a minimum of adjustment by the home owner. 

(7) Provide for safety features to check combustion in the event 

of electrical or mechanical failures. 

In the design of the duct system for a forced-air heating plant, 
the assumption is tacitly made that the fan operation will be con- 
tinuous, and that a constant quantity of air under pressure will be 
delivered through the duct system. The duct system is then designed 
so that the short runs have greater frictional resistance to air flow 
per 100 ft. of duct than longer runs in order to equalize the total 
frictional resistance for all runs. In an actual plant with continuous 
fan operation, this would mean that the leaders to first-story registers 
would usually be throttled down more than would those to second- 
and third-story registers for the same heat carrying capacities. This 
procedure is directly opposite to that employed in the design and 
operation of a duct system for gravity operation, where the size of 
first-story leaders is larger than that of second- and third-story leaders 
for equivalent heat carrying capacities. Since most forced-air plants 
are operated with the fan running intermittently, partly with gravity 
flow and partly with fan operation, rather than with the fan running 
continuously, the dampers in the leaders must necessarily be adjusted 
to a position that is a compromise between that for gravity and that 
for fan operation. If the dampers are set for this medium position, 
they will not be in proper adjustment for all weather conditions, and 
at the extreme conditions of operation will allow unequal temper- 
atures to exist in the different rooms of the house. The necessity 
for maintaining reasonably uniform temperatures in the different 


* 


62 _ ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 2 
CHARACTERISTICS OF CONTROLS STUDIED 


aS 
a 


Control | Fan Oper- Charasteriatica 
System ation 
B Contin- 1. *Damper operation controlled by room thermostat only. 
uous 2. Continuous fan operation. 
A Inter- 1. Damper operation controlled by room thermostat only. 


mittent 2. Fan operation controlled by bonnet thermostat only. 


Cc Inter- 1. Damper operation controlled by room thermostat only. ; : 
mittent 2. Fan operation same as control A except that fan was rendered inoperative 
when furnace damper was closed. 


E Inter- 
mittent 


. Damper operation controlled by bonnet thermostat. F ; 
Duration of damper opening determined bs time required for bonnet air 

temperature to rise through a predetermined temperature differential. 

Fan operation controlled by room thermostat through relay. 

. Fan rendered inoperative during furnace pick-up periods. 


D Inter- 


Four-point thermostat. 
mittent 


Damper operation controlled by both room thermostat and bonnet 
thermostat. 

. Damper operated when room temperature fell below normal operating range. 
Fan operation controlled by room thermostat through relay. 

. Second low limit on bonnet thermostat to prevent blowing cold air through 
registers. 


SUP coe ee 


G Inter- 1, 2. Same as in control D. 
mittent 3. Duration of damper opening a fixed percentage of “‘fan on” period, when 
damper operation is necessary. Opening of damper on any particular cycle 
determined by bonnet air temperature. 
4, 5. Same as in control D. 
F Inter- 1. Two-point thermostat. 
mittent 2. Damper operation controlled by bonnet thermostat; except that damper 
would not open if room thermostat was satisfied, even though bonnet air 
temperature was in ‘“‘damper open”’ region. 
. Duration of damper opening a variable percentage of “‘fan on”’ period and 
dependent on bonnet air temperature. 
. Fan operation controlled by room thermostat through relay. 
. Second low limit on bonnet thermostat to prevent blowing cold air through 
registers. 
. Stack limit thermostat auxiliary equipment to close furnace damper to 
prevent over-runs in temperature. 


a or & 


J Inter- 


I 1. Two-point thermostat. 
mittent 2. Damper operation controlled by bonnet thermostat; damper opened to 
maintain bonnet air temperature up to a predetermined value, irrespective 
of room air temperature conditions. 
3. Duration of damper opening dependent on bonnet air temperature and 
independent of room air temperatures. 
4, Fan operation controlled by room thermostat through relay. 
H Inter- Same as control F except that closing of damper occurred whenever room 
mittent thermostat was satisfied even though bonnet air temperature was not up 


to upper range. 


*The term “damper” always refers to the damper in the door of the ash-pit. 


rooms with intermittent operation under these conditions imposes a 
requirement that certain types of controls are adapted to fulfill, 
while other types aggravate the inequalities in room temperature 
caused by changes in weather conditions. 


35. Operating Characteristics of Control Systems.—In the following 
sections the control systems have been designated as A, B, C, ete. in 
the order in which they were installed, but have been discussed in 
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an order corresponding to increasing complications in the arrange- 
ment of parts and in operation. The complete list of the character- 
istics of the controls studied is presented in Table 2, and the temper- 
ature charts for the plant when operated on these controls are shown 
in Figs. 22 to 31. Each figure shows the temperature of the room air, 
bonnet air, and flue gas for 24 hrs. as recorded by automatic temper- 
ature recorders. Each figure also includes either a line diagram or a 
block diagram showing the sequence of the operating events. In the 
sections pertaining to the individual controls, a brief description of 
the main characteristics of each control is given together with an 
analysis of its operating characteristics as related to the requirements 
stated in Section 34. In addition some consideration is given to the 
ability of the control to maintain a constant mean air temperature in 
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the furnace bonnet, with minimum fluctuations above and below the 
mean; and to the efficiency at the bonnet and the heat loss from the 
basement ducts resulting from the use of the control. 


36. Control B—The wiring diagram for control B is shown in 
Fig. 21. This diagram also shows the manner in which a stack limit 
thermostat can be incorporated in control B. In addition, it shows 
a fan thermostat which can be set so that the fan is stopped when the 
bonnet air temperature falls below a predetermined lower limit, as 
for example 85 degrees. 

In the particular case of control B, which constituted a very 
simple system, the room thermostat operated the damper motor di- 
rectly, while the fan was allowed to run continuously. The quantity 
of air delivered by the fan was maintained practically constant and 
was independent of the bonnet air temperature. The temperature 
charts in Fig. 22 indicate that the temperatures of the bonnet air and 
flue gas were very low. The room air temperatures tended to over- 
run slightly after each opening of the furnace damper, but the over- 
run was not serious if the room thermostat was sensitive. The use 
of a stack limit thermostat placed in the flue, to close the furnace 
damper when the flue gas temperature rose to a predetermined value, 
also tended to minimize serious over-runs due to the damper remain- 
ing open for long periods. The use of a stack limit thermostat with 
control B is discussed in detail in Section 45. The advantages and 
disadvantages of control B may be summarized as follows: 


Advantages Disadvantages 
(1) Simplicity of control system. (1) Slight over-run in room air temper- 
(2) Maximum bonnet efficiency and ature after each furnace damper 
minimum heat loss from duct. opening. 


(3) Low register air temperature, and (2) Relatively high cost of fan operation. 
small air temperature gradient from (3) Too low register air temperatures in 


floor to ceiling in rooms. mild weather. In case the plant was 
(4) Positive and continuous air circula- designed to operate on a register air 
tion, minimizing air stratification. temperature of 135 deg. F. in order 
(5) Low temperatures of flue gas and to handle the heating load for an 
furnace castings. extreme weather condition, then for 
(6) Equal temperatures in the different small heating loads in mild weather 
rooms for all outdoor weather vari- the register air temperature would 
ations. be very much less than 135 deg. F., 
(7) Over-run in room temperature serves since the volume of air delivered 


as a warning of any danger from un- remains constant. The excessive 
checked combustion. motion of relatively cool air near the 


(8) Conditions of operation identical register outlets might result in 
with those assumed for the design discomfort. 
of the forced-air heating system. 
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Due primarily to the cost of continuous fan operation, controls — 
with intermittent fan operation have been more commonly used in 
connection with forced-air heating systems. However, the merits of 
continuous fan operation in a system are many, and in some cases, 
particularly in large installations, the advantages of such operation 
may considerably outweigh the disadvantages. These disadvantages, 
to a certain extent, may be overcome in three ways: 

(1) Changes in the register outlets may be made so that, by the 
use of suitable diverters to spread the air stream and reduce the 
velocity, or by the use of high sidewall registers, the flow of air from 
the registers can be made unobjectionable, even for low air temper- 
atures at the register outlet. 

(2) A higher design temperature for the register air may be as- 
sumed, possibly of 160 deg. F., thus permitting the use of a fan with 
smaller air capacity. 

(3) A two-speed drive on the fan motor may be arranged, so that 
the fan speeds can be regulated to maintain a more uniform register 
air temperature for all heating loads. The low-speed drive would be 
used for possibly four-fifths of the heating season, and the high-speed 
drive only for extremely cold weather. 


37. Control A.—This control system consisted of a room thermo- 
stat, which controlled the operation of the damper motor alone, and 
an auxiliary thermostat located in the casing bonnet, which controlled 
the operation of the fan alone (see diagram in Fig. 23). 

When the room temperature was below normal and the room 
thermostat demanded heat, the furnace (ash-pit) damper was opened, 
thus increasing the combustion rate. The air temperature in the 
bonnet was thereby raised and at a predetermined upper limit tem- 
perature the fan was started by the fan thermostat. The reserve of 
heated air in the bonnet was soon replaced with cooler air which 
reduced the temperature in the bonnet to the lower limit predeter- 
mined by the setting of the fan thermostat, and the fan was stopped. 
The periods of gravity operation, intervening between the periods of 
fan operation, were characterized by an increase in the bonnet air 
temperature. This cyclical operation of the fan continued as long as 
there was sufficient heat in the bonnet, irrespective of whether the 
room temperature rose to normal or not. 

The resulting tendency of the room air temperature to over-run 
the desired temperature of 72 deg. F. was due to this latter effect, 
and is clearly shown in Fig. 23. The temperature chart for the bonnet 
air shows the very regular, cyclical operation of the fan between two 
set limits. The sequence of operations is also shown in Fig. 23. 
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With the use of control A, unequal temperatures were obtained in — 
the different rooms of the house for a given setting of the dampers in © 
the duct system. This condition of unbalance, however, was not 
serious in milder weather; but in very severe weather, the flue gas and 
bonnet air temperatures were too high and resulted in longer periods 
of fan operation. In extreme cold weather operation, therefore, when — 
the fan tended to run a major proportion of the day, the first-story _ 
rooms became overheated and the third-story rooms were under- — 
heated. 

The advantages and disadvantages of control A may be sum- 
marized as follows: 


Advantages Disadvantages 
(1) Simplicity of control equipment. (1) Over-run of house temperatures after 
(2) Uniform range of register air temper- each damper opening. 
atures and bonnet air temperatures. (2) Unequal temperatures in the differ- 
(3) Over-run in room temperature serves ent rooms for extreme weather 
as a warning of any danger from conditions. 
unchecked combustion. (3) Response to sudden load demands, 


such as encountered in morning 
“pick-up” periods, result in large 
over-runs in flue-gas and room air 
temperatures. 


38. Control C.—This control, shown in Fig. 24, was similar to 
control A with the exception that the fan thermostat remained in the 
operating position only when the room thermostat called for heat. 
Consequently, the fan was running only when the room thermostat 
called for heat and when the bonnet air temperature was above a 
predetermined lower limit. When the room temperature became 
normal the fan was stopped and the ash-pit damper was closed. 

The cycle of operation for control C is shown in Fig. 24. At the 
temperature represented by point (1) the room thermostat demanded 
heat, the damper opened, and the fan started, since the bonnet air 
temperature was higher than the upper limit setting of the fan 
thermostat. At the temperature shown by point (2) the room ther- 
mostat was satisfied, the damper closed, and the fan was stopped. 
It should be noted that in control C the damper was open for the full 
period of fan operation, even though the bonnet air temperature was 
above the normal value. This constituted the chief difficulty with 
this control, for if the fuel bed was responsive to the action of the 
ash-pit damper, and the latter remained open for long periods of 
time, the mean temperature of the air in the bonnet exceeded its 
normal operating value. Of course, as the bonnet air temperature 
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increased, the ‘fan on” periods, and also the periods of damper open- 
ing, decreased, and an equilibrium condition was reached where the 


heating demands of the room were supplied by frequent, short blasts 


of high temperature air from the registers. This condition occurred 
particularly after sudden load demands, as in morning “‘pick-up”’ 
periods. 

From Fig. 24 it may be noted that the room air temperatures 
were maintained uniformly over the entire test period even after 
heavy ‘‘pick-up”’ periods, when the furnace was generating heat very 
rapidly. The room temperatures throughout the house were fairly 
uniform, in spite of the high bonnet air temperatures, which ordinarily 
tended to seriously overheat the upper-story rooms during the periods 
of gravity action, because the frequent and cyclical operation of the 
fan tended to overcome the unbalancing effect of gravity action. 
Controls F and H, to be discussed later, included a very important 
modification of control C whereby the over-runs in bonnet air tem- 
perature were eliminated. 

The advantages and disadvantages of control C may be sum- 
marized as follows: 


Advantages Disadvantages 
(1) Simplicity of control equipment. (1) Tendency toward excessive flue gas 
(2) Sensitive control of room air tem- and bonnet air temperature resulting 
perature. in large heat losses from ducts and 
(8) Uniformity of combustion rate. casing. 


(4) Nearly equal temperatures main- (2) Excessive number of fan operations. 
tained in the different rooms through- (3) Excess heat in the casing after sud- 
out the house. den load demands, as encountered 

in morning ‘‘pick-up’’ periods. 

39. Control E.—Control system E was characterized by (1) oper- 
ation of the fan controlled by the room thermostat, (2) operation of, 
the ash-pit damper controlled by the bonnet thermostat, and (3) the 
fan being rendered inoperative throughout the period when the 
damper was open. 

In Fig. 25 a block diagram has been introduced to explain the 
cycle of operations for the control system. This form of diagram has 
also been used in the control systems to be discussed later and is, 
therefore, explained in detail at this point. The italicized terms in 
the following explanation refer to the abbreviated notations used in 
the diagram itself. The room thermostat is shown diagrammatically 
with its low and high points indicated as points (1) and (2) respec- 
tively. The arrows pointing towards points (1) and (2) indicate the 
direction of travel of the thermostat blade when the temperature of 
the room air is increasing or decreasing. 
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The following illustrates the operating sequence for control E. | 
When the room is cooling or when the fan is not running, the room 
thermostat demands heat and point (1) makes contact. If the bonnet 
is satisfied, that is, if the bonnet air temperature is above a predeter- 
mined value, the fan starts and the room temperature rises. The room 
temperature continues to rise until the room thermostat is satisfied 
and point (2) makes contact, whereupon the fan stops and the room 
temperature starts dropping. This cycle requires no damper operation 
due to the fact that the air in the bonnet was up to normal temper- 
ature. *: 

The cycle of operation when the bonnet is unsatisfied, that is, — 
when the bonnet air temperature is below a predetefmined temper- 
ature, is as follows: Starting again with the room cooling, when the 
thermostat demands heat point (1) makes contact as before. This 
time, however, the bonnet is unsatisfied and the furnace damper opens. 
The fan remains off during the pick-up period and allows the room to 
fall below the normal temperature, as shown also in the diagram for 
the sequence of events. During this time, the bonnet temperature 
rises through a predetermined differential, 35 deg. F. for example, 
whereupon the bonnet becomes satisfied, the damper closes, and the 
fan starts. The room temperature rises until the room thermostat is 
satisfied; the fan stops and the room temperature starts dropping again. 

The cycle of operation is shown clearly by the temperature charts 
in Fig. 25. At 1:00 p.m. the bonnet air temperature dropped to ap- 
proximately 122 deg. F., when the damper was opened and the com- 
bustion rate started to increase, as indicated by the rise in flue gas 
temperature. By 1:15 p.m. the bonnet air temperature had risen 
through a differential of 42 deg. F. to a temperature.of 164 deg. F. 
At this time the damper closed and the fan resumed operation for 
fully 15 cycles before another pick-up period, or period of increasing: 
combustion rate, occurred at 3:20 p.m. Also, as the heating demand 
on the furnace gradually increased toward night, the pick-up periods 
became more frequent, until a point was reached at about 2:20 a.m. 
when a pick-up period occurred for each cycle of the fan. 

During the period between 1:00 p.m. and 1:15 p.m., the damper 
was open for the entire time required for the bonnet air temperature 
to rise approximately 40 degrees. During this period the flue gas 
temperature rose to a value in excess of 600 degrees, and the damper 
was not opened again until two hours later. It would seem logical 
to assume that if the original setting of the bonnet thermostat had 
been made such that the furnace damper remained open no longer 
than the time required to permit the bonnet air temperature to rise 
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possibly only 15 degrees instead of 40 degrees, the combustion rate 
would have been maintained within narrower limits. A bonnet ther- 
mostat with this 15 degree setting was tested and the results were as 
anticipated. The furnace damper opened more frequently with this 
thermostat setting, resulting in a decrease in the magnitude of the 
over-runs in the bonnet air temperature. 
| Control E gave satisfactory operation provided the setting of the 
_ bonnet thermostat was adapted to the heating demands being made 
on the furnace due to weather changes, and provided that the pick-up 
in the combustion rate was rapid. When the bonnet thermostat was 
adjusted for average weather conditions and the adjustment was left 
unchanged, with milder weather conditions large over-runs in flue 
and bonnet air temperatures resulted, while with colder weather 
conditions the combustion rate was maintained below the value 
necessary to provide for the heating requirements. 

Also, for cases in which the pick-up in combustion rate was slow, 
the room air temperatures tended to drop four or five degrees below 
normal, since the fan was inoperative throughout the pick-up period. 
This condition is illustrated in Fig. 25 by the diagram for the sequence 
of events. When the bonnet air temperature reached 120 deg. F. as 
shown by point (3) the fan stopped and the damper opened. The 
room air temperature fell from 71 deg. F. to 67 deg. F., as shown by 
points (1) and (2), during the time that the bonnet air temperature 
rose from 120 deg. F. to 160 deg. F., as shown by points (3) and (4). 
Here again a thermostat differential, ‘‘d,’’ of 15 deg. F. would give 
better results than those given by a differential of 40 deg. F. 

This system was adapted to handle very sudden heating demands, 
as in morning pick-up periods, without allowing the ash-pit damper to 
remain open long enough to dangerously overheat the furnace. The 
temperature rise in the furnace would be limited, since the damper 
would never open when the fan was running. 

The advantages and disadvantages of control E may be sum- 
marized as follows: 


Advantages Disadvantages 

(1) Satisfactory operation obtainable, (1) Bonnet thermostat adjustment by 
provided that operator necessary to meet varying 

(a) the bonnet thermostat was fre- weather conditions. 
quently adjusted, (2) Abnormal drop in room temperature 
(b) the pick-up in combustion rate during pick-up periods for those 
was rapid. plants having slow pick-up in com- 
(2) Safe operation during periods of bustion rate, caused either by inade- 
sudden load demand. quate draft or poor condition of 
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40. Controls D and G.—In the control systems previously dis- 
cussed provisions were made for the room thermostat to operate 
either the ash-pit damper only or the fan only. No system had been 
studied that provided for the room thermostat operating both the 
damper and the fan. The next system, control D, to be discussed 
was characterized by the use of a four-point room thermostat which 
provided two contacts for the operation of the fan and two contacts 
for the operation of the ash-pit damper. This control system con- 
sisted of a bonnet thermostat (double element), a relay, and a damper 
motor in addition to the four-point room thermostat. Figure 26 shows 
a block diagram for the thermostat with the relative positions of the 
contacts marked (1), (2), (3), and (4). The operation of the fan was 
governed by points (1) and (4), while the operation of the damper 
was governed by points (2) and (3). 

As indicated by the block diagram in the figure, the intended 
sequence of operation for this system was for point (1) to make 
contact first, as the room cooled, thus closing one of the two contacts 
in the fan circuit. If the temperature of the air in the bonnet was 
within predetermined limits, as shown by region ‘‘b”’ in the lower 
diagram in Fig. 26, the fan would start, and the travel of the thermo- 
stat blade would reverse, the blade then moving in the room heating 
direction. If, however, the temperature of the bonnet air was below 
normal, as shown by the region “‘c,”’ the fan could not start due to the 
action of a bonnet thermostat, or limit control, which rendered it 
inoperative, and the room continued to cool down one degree or so 
below the normal temperature. Point (2) then made contact and 
the damper was opened; the resulting rise in flue gas temperature 
was accompanied by a corresponding rise in the bonnet air temper- 
ature to a value included between the limits shown in region “‘b,’’ 
at which the fan could operate and increase the room temperature 
enough to reverse the direction of travel of the thermostat blade as 
before. As the room heated up, point (3) made contact and the 
damper closed. The fan continued to operate, however, until point 
(4) made contact and the fan was stopped. : 

The cycle of operation for control D is shown in Fig. 26 in which 
the sequence of events, leading to large over-runs in the flue gas tem- 
perature, is traced. The room air temperatures were held between 
reasonable limits, except during pick-up periods, when the air tem- 
perature had a tendency to fall two or three degrees below normal. 
A study of the operating cycle and its chief difficulty led to a modi- 
fication of control D which is designated as control G. The operating 
charts in Fig. 26 show very clearly the application of controls D and 


it 
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G on the plant and show typical operating results with their use. — 
The operation with control D on this particular day covered the 
period between 10:40 a.m. and 2:30 a.m., as shown by the porttola 
marked D in Fig. 26. In order to show vane strikingly the comparison — 
with control G, at 2:30 a.m. this control was changed to control G by 
a very slight modification in the room thermostat, and it may be 
noted from the portions of the charts marked G that the operating : 
results were immediately improved. Since control system D could be © 
readily modified to give control system G, the latter control is recom- 
mended in preference to the former. The summary of the advantages 
and disadvantages of this modified system, control G, is presented at 
the end of the discussion in Section 41. 


41. Control G. (Modification of Control D).—The results obtained 
with controls A, B, E, and D had shown that whenever the heating 
requirements of the house were supplied by short periods of rapid 
combustion followed by long periods of slow combustion, the former | 
periods were followed by more or less serious over-runs in temperature 
either at the bonnet or in the rooms. Since the furnace casting 
proper had relatively little capacity for storing heat, the heat that 
was evolved during the periods of rapid combustion was not held in 
reserve for gradual use but was rapidly absorbed by the air, with the 
result that temperature over-runs occurred. While the operation of 
control D was not entirely unsatisfactory, a slight modification of D 
which allowed points (1) and (2) to make contact simultaneously © 
resulted in so much improvement that this modified system, control 
G, was substituted for control D. 

Operating charts, together with a block diagram am sa the 
cycle of operations of this system, are shown in Fig. 27. Control G 
had the chief advantages over control D of confining the variation in 
the room temperature between very narrow limits and of maintaining 
a more uniform combustion rate. With appropriate adjustment of 
the thermostat points, a cycle was established which allowed the 
damper*to be open a fixed per cent of each ‘‘fan on” period. The 
adjustment was made so that the length of the open damper period 
resulted in an average combustion rate, without great deviations, 
which was just sufficient to supply the heating demands being made 
on the plant. Such an adjustment was found to be difficult to make 
since it was dependent on the condition of the fuel bed and the type 
of fuel being burned. 

This condition is illustrated in the diagram for the sequence of 
events in Fig. 27, in which the damper is shown to have operated only 
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when the bonnet air temperature, point (1), was between limits repre- 
sented by the region “‘b” or ‘“‘c.” The opening of the damper caused 
the flue gas temperature to rise from a value represented by point (2 
to one represented by point (3). The starting of the fan lowered th 
bonnet air temperature from a value represented by point (1) to 
value shown by point (4), with the result that the room air temper- 
ature rose first to the value shown by point (3) and then to the one 
shown by point (4). At the temperature corresponding to point (3). 
the room thermostat caused the damper to close, whereas the fan — 
continued operating until a room temperature indicated by point (4) é 
was reached. i, 

If the adjustment of the contacts on the thermostat was set 
improperly then the rise in flue gas temperature [points (2) to (3) ]_ 
might be so large as to cause an excessive increase in the bonnet air 5 
temperatures. However, with proper setting of the contacts on the — 
room thermostat (as was obtained for the case shown in Fig. 27) the | 
rise in bonnet air temperature [points (5) and (6) ] could be limited — 
so that the pn a | Bont did not reach a value between the limits — 
represented by region ‘‘a.”’ If, for instance, the bonnet air temper- 
atures indicated by points (1), (5), and (6) were always between the 
limits represented by region ‘‘b,’”’ then the furnace damper would | 
open during each fan operation for a short period. 

The number of complications in construction and adjustment con- 
stituted an obvious disadvantage of both control systems D and G, 
notwithstanding the fact that the plant operation with control G was — 
quite satisfactory. However, a possibility that the latter control 
could be simplified and improved was evident. : 

The advantages and disadvantages of control G may be sum- 
marized as follows: 


Advantages Disadvantages ~ - 

(1) Good regulation of house temper- (1) Complexity in thermostat construc- 

ature, with the control properly tion and adjustment. 

adjusted. (2) Response to sudden load demands 
(2) Damper operation dependent on causes overheating, as indicated by 

both room temperature and bonnet high flue gas temperatures and bon- 

air temperature. net air temperatures, unless stack 
(83) Uniform combustion rate, with the limit thermostat is used. 


control properly adjusted. 


42. Control F.—The performance of control G had proved that 
temperature over-runs could be eliminated to a great extent by al- 
lowing the furnace damper to be open a portion of each “fan on” 
period. ‘These results were in contrast to those obtained with con- 
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trol C for which the damper was open during the entire “fan on” 
period. A modification of the former principle, giving automatic 
adjustment of the “pick-up’”’ periods, was incorporated in control F, 
and resulted in a more rigid regulation of the combustion process 
than that afforded by control G. 

Control F, as developed by the research staff, had three main 
characteristics: (1) it automatically opened the furnace damper dur- 
ing each “fan on” period, provided that the bonnet air temperature 
fell below a predetermined value, (2) it automatically adjusted the 
length of time the damper remained open during each cycle propor- 
tionally to the amount that the bonnet air temperature fell below a 
predetermined value, and (3) it made use of a two-point room ther- 
mostat. The first feature provided uniform combustion through 
frequent damper openings, while the second feature maintained a 
combustion rate just sufficient to supply the heating demand of the 
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house. This latter result was accomplished in the following manner: ' 


As the heating demand increased, the heat in the bonnet air tended 
to become depleted and the bonnet air temperature assumed a value 
represented by point (3) in region “‘b” shown in Fig. 28. This down- 
ward trend, however, caused the pick-up period, represented by the 
distance between points (2) and (4), to be lengthened, with the result 
that the flue gas temperature increased sufficiently to supply the in- 
creased heating demand. As the heating demand decreased, the 
reverse process took place, on account of the tendency of the bonnet 
air temperature to rise within limits represented by region ‘‘a,’’ with 
the consequence that a decrease in the length of time that the damper 
remained open resulted, as illustrated in Fig. 28. Therefore, by mak- 
ing the frequency of damper opening dependent on the frequency of 
the fan cycle and by making the length of time that the damper re- 
mained open dependent on the bonnet air temperature, a very satis- 
factory control of the temperatures throughout both the house and 
the heating plant was maintained. 

The temperature records and the block diagram indicating the 
eycle of operations for control F are shown in Fig. 28, and the wiring 
diagram is shown in Fig. 21. In the broken line portion of the block 
diagram, mention is made of a stack limit thermostat, which during 
normal operation does not enter into the operating cycle. Its purpose 
was to limit flue gas temperatures when sudden heating demands, 
resulting from setting the thermostat for a higher temperature, were 
made on the plant. A further discussion of the stack limit thermo- 
stat will be given in Section 45. 
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The summary of advantages and disadvantages given in the dis- 
cussion of control H in Section 44 applies equally well to controls F 
and J, since the latter were modifications of control H. 


43. Control J.—In control F, the ash-pit damper always closed 
whenever the bonnet air temperature, as shown by point (4) in Fig. 
28, rose from a value represented within region “‘b” to one repre- 
sented within region “‘a.’’ On the reverse process, however, when the 
bonnet air temperature dropped from one represented within region 
“a” to one represented within region ‘‘b,” the damper opened only 
when the room thermostat was demanding heat. On a mild day, 
therefore, when there would be no demands for heat for long periods, 
the furnace damper would not open when the bonnet air temperature 
fell to a value represented within region ‘“‘b.” 

In control J, however, this conditional opening of the damper was 
omitted, so that the damper opened every time the bonnet air tem- 
perature decreased to within the limits represented by region ‘‘b,”’ 
irrespective of whether the thermostat demanded heat or not. Con- 
trol J can be most easily duplicated in practice (1) by controlling the 
fan operation by means of a room thermostat acting through a fan 
relay, and (2) by controlling the operation of the damper motor by 
means of a bonnet thermostat so that the damper opens only when 
the bonnet air temperature is between limits shown in region ‘‘b,” 
and closes when it is between limits shown in region “‘a.”’ 

The chief difficulty with control J was that the range of bonnet 
air temperatures was always maintained at a given level, with the 
result that in mild weather the rooms subject to gravity action were 
overheated. A good control of house temperatures could be main- 
tained, however, if the bonnet thermostat setting were adjusted 
manually for varying outdoor temperatures. In this case, the bonnet 
air temperatures would not be maintained so high in mild weather as 
to cause excess gravity action in upper-story rooms, and in cold 
weather the range would be shifted high enough so that the fan 
would operate intermittently with uniform ‘‘on and off” periods. 

A system, such as control J, in which the bonnet air temperature 
is always maintained within a definite range might prove of value in 
installations using fuels that are difficult to keep ignited, although 
the fire would be maintained at the expense of a slight overheating 
of the upper-story rooms. Aside from the conditions just mentioned, 
the summary given in Section 44 for control H applies equally well 


to control J. 
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44. Control H.—Although control F gave entirely satisfactory 
operation, the combustion control was capable of improvement. 
When a thermostat, operated by bonnet air temperature alone, was 
used as the means of closing the ash-pit damper, a lag occurred be- 
tween the time the fan stopped and the time the damper was closed. 
In other words, the bonnet air temperature indicated in Fig. 28 had 
to rise from a value shown by point (3) to one shown by point (4), 
at which time the damper was closed. In the Research Residence 
installation where there was a moderate amount of gravity action 
during ‘‘fan off’’ periods, this rise in the bonnet air temperature was 
rapid, and the furnace damper closed shortly after the fan stopped. 
On account of this condition a very positive combustion control was 
maintained, as is indicated by the flue gas temperature chart in Fig. 
28. A condition might arise in some installations, however, where a 
large amount of gravity action existed, with consequent slower rise in 
the bonnet air temperature, illustrated by points (3) and (4), which 
would allow the time that the damper remained open during the 
period of rising temperature to be excessive. With this in view, a 
simple make-and-break circuit through the fan relay switch on con- 
trol F was added. The wiring diagrams for control H both for a two- 
point thermostat and for a single-point thermostat are shown in 
Fig. 21. The modifications necessary to give either controls J or F 
are indicated by the notes on the diagrams. The added circuit caused 
the damper to close just as soon as the room temperature became 
normal and the fan was stopped. The control with this modified 
circuit was designated as control H, and the temperature records and 
the block diagram indicating the cycle of operation are shown in 
Fig. 29. 

The diagram of sequence of events in Fig. 29 shows the manner 
in which the time of the damper opening was regulated by the bonnet 
air temperature. It may be noted that at a temperature represented 
by point (3) the fan was stopped, and the damper was closed, even 
though the bonnet temperature had not assumed a value represented 
within region “‘a,” as in the case of control F. The difference in this 
respect between controls F and H may be observed from Figs. 28 
and 29. The one advantage that control H might have over control 
F is that it would accomplish more positive combustion control in 
connection with any installation to which it might be applied. 
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The advantages and disadvantages of control H may be sum- 
marized as follows: 


Advantages Disadvantages 
(1) Good temperature regulation (no (1) For perfect operation under all heat- 
temperature over-runs) throughout ing requirements the bonnet thermo- 
house and heating plant. stat setting should be adjustable, 
(2) Easy adjustment to a setting that with one value for mild weather and 
will handle a wide range of heating a higher value for severe weather, 
requirements. although one setting will give fairly 
(3) Uniform and positive combustion satisfactory operation. 
control maintained. (2) Unless a stack limit thermostat is 
(4) Damper operation dependent on both used, temperature over-runs in flue 
room temperature and bonnet air gas will occur during sudden load 
temperature. demands, as in morning pick-up 
(5) Auxiliary arrangements readily periods. 
adaptable. 


A summary of the operating characteristics for all of the controls 
tested, and an evaluation of the degree of success attained in meeting 
the demands of service, are given in Table 3. - 


45. Stack Limit Thermostat—Reference has been made in the pre- 
ceding sections to the use of a stack limit thermostat as an adjunct 
to the more common room and bonnet thermostats. In this connec- 
tion it may serve either as an integral part of the control system to 
aid in maintaining a uniform combustion rate just sufficient to supply 
the heating demand of the house, or as a separate safety feature to 
prevent the combustion rate from becoming excessive. Both pur- 
poses may be served concurrently. In any case it is used in parallel 
with the closing circuit for the ash-pit damper, as shown in connection 
with controls B and H in Fig. 21. The use of the stack limit thermo- 
stat as an aid to combustion control is not essential to the system, 
and to be most effective for this purpose it should be adjustable to 
conform to varying weather conditions. 

As a safety feature the stack limit thermostat operates only at 
the time of sudden load demands, as in morning pick-up periods, 
when the room temperature rises slowly and the operation of the 
room thermostat tends to hold the ash-pit damper open long enough 
to develop an excessive rate of combustion. The rise in bonnet air 
temperature accompanying such long pick-up periods may not be of 
serious consequence while the fan is running, but when the room has 
reached normal temperature and the fan stops, the heat reserve in the 
fuel bed and castings may not be adequately handled by whatever 
gravity action exists in the plant. As a consequence, the furnace 
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may be severely overheated, thus shortening its life, and the casing, 
bonnet, and ducts may be so overheated as to constitute a possible 
fire hazard. A saving feature in many cases is that the available fuel 
may be so nearly exhausted by morning that the response is very 
sluggish to sudden demands, and over-runs are minimized, but the 
condition exists, nevertheless, and is worthy of serious consideration. 
Without the use of a stack limit thermostat, control E was the only 
one that had any means of limiting the flue gas temperature. 

From an economical standpoint the inclusion of a stack limit 
thermostat may prove of value. Previous tests (see Engineering 
Experiment Station Bulletin 246, pages 96-101) have shown that the 
flue gas losses incurred during heavy morning pick-up periods tend 
very materially to offset the savings resulting from lowering the 
house temperatures at night. The use of a stack limit thermostat 
would minimize such flue gas losses. 

In the Research Residence the stack limit thermostat has been 
employed for both purposes mentioned, and the results are shown in 
Figs. 30 and 31. The operating charts in Fig. 30, for a very severe 
day, show the results obtained with the stack limit thermostat used 
in connection with control B to prevent the flue gas temperature 
from exceeding approximately 600 deg. This setting was high enough 
to handle the severest weather conditions. The fan was operating 
continuously, and when the room thermostat demanded heat the 
damper opened. However, due to the use of the stack limit thermo- 
stat, a definite ‘ceiling’ of 600 deg. F. was placed on the flue gas 
temperature. For instance, at 5 a.m. the damper kept opening and 
closing continuously at the rate of one opening every three minutes, 
until finally the house temperature was brought to normal while the 
flue gas temperature never exceeded 600 deg. F. 

Figure 31 shows very markedly the results obtained with control 
H during conditions of sudden load demands on the plant, both with 
and without a stack limit thermostat. Since the stack limit thermo- 
stat is not absolutely necessary to normal operation (except possibly in 
the case of control B) the desirability of its inclusion in a control sys- 
tem may be governed by questions in regard to cost and simplicity. 
However, the conditions arising from sudden load demands may be 
serious enough to warrant the inclusion of a stack limit thermostat as 
a safety feature, or else home owners should be definitely cautioned 
not to attempt to increase the house temperature too rapidly. 


46. Hold-Fire Arrangement.—Another auxiliary arrangement 
which can be easily installed in connection with controls DeG.tke 
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and H, is what has been designated as the “hold-fire arrangement.” 
This arrangement can be obtained by the addition of a simple wiring 
circuit* in the bonnet thermostat in control H, the chief function of 
which would be to open the ash-pit damper whenever the bonnet air 
temperature dropped below a predetermined minimum, of possibly 
90 deg. F. The fuels having burning characteristics such that the 
fire tends to go out when the damper has been closed for long inter- 
vals of time are the ones for which a hold-fire arrangement might 
prove of value. Its application would be effective only in very mild 
weather when the house temperature would be normal and no de- 
mand would be made on the furnace for several hours. The hold-fire 
arrangement would tend to keep the fuel bed alive at the expense of 
slight overheating in the rooms subjected to gravity action. 


47. Fan Cut-in Arrangement.—In order to establish a safe upper 
limit for the bonnet air temperature, some commercial controls have 
an auxiliary wiring circuit whereby the fan “‘cuts in,” or begins oper- 
ation, when the bonnet air temperature exceeds a predetermined safe 
limit of possibly 200 deg. F., even though the room temperature may 
be normal and the room thermostat not demanding heat. This 
safety feature operates the fan and protects the plant from dangerous 
overheating at the furnace bonnet, although it permits temperature 
over-runs in the house. The overheating of the plant that results 
from unrestricted combustion during sudden load demands, or due 
to accidental opening of the ash-pit door, is taken care of, and in the 
latter case the resulting over-runs in the house temperature warn the 
home owner that something is amiss. 


48. Power Consumption of Fan.—To a certain extent the power 
consumption of the fan, as measured by the power input to the fan 
motor, was influenced by the range of bonnet air temperature selected 
for setting the bonnet thermostat, and by the condition of the fuel 
bed. Both of these factors had some influence on the number of 
times that the fan was required to operate during one or several 
cycles of events. As a rule, the condition of the fuel bed was not 
directly related to the type of control, and the effect was a random 
variable as far as the type of control was concerned. The selection 
of the range of bonnet air temperature to be used in setting the bonnet 
thermostat was in some cases dictated by the operating character- 
istics of the control, and in some cases was dependent on the judgment 
of the operator. In the latter cases it was sometimes a matter of 


*In Fig. 21 make connection from points 5 to 4 and then back to 6; disconnect wire at point 7 
and connect first to point 8 and back to point 7. 
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Fic. 32. Fan Power CoNSUMPTION AND TIME CyYcLES FoR ConTROL SYSTEMS 


choice between using a range that would permit fairly satisfactory 
operation over the whole range of weather conditions, or using several 
ranges of bonnet air temperature best adapted to narrow ranges of 
weather conditions, and changing the setting as the weather varied. 
All tests were run under conditions considered most reasonably adap- 
ted to the control in use, but occasional inconsistencies in power con- 
sumption appeared, and it is well to emphasize that in individual 
cases in practical service the power consumption might deviate con- 
siderably from the results obtained in these tests. 

The power consumption in kilowatt-hours per day for various 
indoor-outdoor temperature differences is shown in Fig. 32. Some 
deviations of the points from the curves may be explained by the 
fact that some variations in the heat load on the house, caused by 
wind, sun, and rain, cannot be expressed directly in terms of indoor- 
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outdoor temperature differences. Most of the deviations, however, 
were the result of the factors discussed in the preceding paragraph. 
Hence the trend of the points has been represented by a mean curve, 
and by two boundary curves indicating the probable range of devi- 
ation attributable to variations in the condition of the fuel bed and 
in the setting of the bonnet thermostat. With these restrictions, it 
may be observed that for intermittent operation the power consump- 
tion of the fan motor was more or less independent of the type of 
control, and increased as the indoor-outdoor temperature difference 
increased. This increase was from approximately 0.4 kilowatt-hours 
per day at 20 deg. F. difference to approximately 3.5 kilowatt-hours 
per day at 60 deg. F. difference. On the other hand, the power con- 
sumption for continuous fan operation with control B was not greatly 
influenced by the random factors mentioned, and remained practi- 
cally constant at 3.6 kilowatt-hours per day over the whole range of 
indoor-outdoor temperature differences. It may be further observed 
that the power requirements for both continuous and intermittent 
operation became identical at an indoor-outdoor temperature differ- 
ence of approximately 64 deg. F. 

The total number of hours that the fan was actually running 
during a 24-hr. test period, as determined by means of a self-starting 
electric clock included in the fan circuit, is shown in Fig. 32. At an 
indoor-outdoor temperature difference of 64 deg. F., at which the 
power requirements for continuous and intermittent operation be- 
came the same, the total number of hours of operation per day was 
18 for intermittent operation as compared with 24 for continuous 
operation. This indicated that for the same number of hours of 
actual running the fan motor consumed more power when running 
intermittently than when running continuously. This effect has been 
attributed to the extra load required to start the motor. 

The amount of the extra load imposed by starting the motor is 
shown in Table 4. The kilowatt-hours per hour of actual running 
time was obtained by dividing the kilowatt-hours per day shown in 
Fig. 32 by the total number of hours of running time, also shown in 
Fig. 32, at the corresponding indoor-outdoor temperature difference. 
For continuous operation this quotient remained constant with a 
value of 0.150. From Table 4 it is evident that in average weather, 
or at an indoor-outdoor temperature difference of 40 deg. F., the 
power requirement per hour of running time was 20 per cent greater 
for intermittent operation than it was for continuous operation. In 
severe weather, or at an indoor-outdoor temperature difference of 64 
deg. F., the starting load constituted an additional load of approxi- 
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TABLE 4 
Powrr ConsuMPTION PER Hour or Actual RunninG TIME 


Kilowatt-hours per Hour 
Indoor-outdoor Increase Due to 
Temperature Starting Load 
Difference Continuous Intermittent per cent 
ees Fan Operation Fan Operation 
20 0.150 0.155 3 
40 0.150 0.180 20 
60 9.150 0.190 27 
64 0.150 0.200 33 


mately 30 per cent of the normal running load. The power required 
for starting is influenced by the type of motor, and it is possible that 
if a split-phase or capacitor motor had been used the power required 
for starting would have been greater than that observed. 

Figure 32 shows the average number of times the fan was operated 
per hour in order to maintain the house temperatures, as well as 
the increase in the number of cycles as the load demand was increased. 
Under conditions of normal heating demand on the house it was found 
that a frequency of ‘‘fan on” cycles of between four to eight times per 
hour gave satisfactory performance. Higher frequencies would tend 
to give closer regulation of the room temperatures, but the numerous 
starting-up periods might be detrimental to the fan and motor equip- 
ment. On the other hand, frequencies of less than four times per 
hour in normal heating weather would not give satisfactory regulation 
and equalization of room temperatures. In the discussion of control 
C reference was made to the tendency of this control to give very 
frequent but short periods of fan operation. The data for control C, 
reproduced in Fig. 32, indicates that this frequency was approxi- 
mately twice as great as that for the other intermittent control 
systems. 

The fuel consumption of the forced-air heating plant has been 
discussed in greater detail in Section 19. In brief, the results from 
two years of operation in the Research Residence have shown that 
there was no marked difference in fuel consumption, or overall house 
efficiency, with operating methods that varied as widely as the dif- 
ference between gravity and forced-air operation; and, further, that 
the fuel consumption was practically independent of the type of auto- 
matic control system used. Although the efficiency, as determined 
by the heat delivered at the furnace bonnet and warm-air registers 
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was higher for all types of fan operation than for gravity operation, 
the overall house efficiency was not markedly different due to the 
reabsorption into the house of the stray heat losses from casing, ducts, 
smoke-pipe, and chimney. These stray heat losses were greater in 
the case of the gravity system, owing to the higher temperatures 
existing in this system. 


49. Conclusions.—The following conclusions may be drawn as 
applicable to the conditions under which the tests were conducted: 

(1) The room air temperature may best be maintained within 
definite limits by operating the fan from the room thermostat 
(through a fan relay). 

(2) For ideal operation the operating range of bonnet air temper- 
atures should be varied either manually or automatically, to corre- 
spond to the heating demands of the house. A system which tends 
to maintain a fixed range of bonnet air temperature may be in ad- 
justment to give equal temperatures in the different rooms for a 
fairly wide range of weather conditions; but for extreme weather 
conditions this adjustment may result in unequal temperatures in 
the different rooms. i 

(3) The most satisfactory operation of the heating plant required 
the maintenance of a uniform combustion rate just sufficient to sup- 
ply the heating demands made on the furnace. This requirement 
involves frequent openings and closings of the furnace damper, and 
can best be fulfilled when the damper operation is dependent on both 
the room temperature and the bonnet air temperature. This is 
equally true for both gravity and forced-air systems. 

(4) In systems using intermittent fan operation uniformity in the 
length of the ‘‘on’’ and “‘off’’ periods of the fan is necessary in order 
to maintain equal temperatures in the different rooms. Excessively 
long periods of either fan operation or gravity operation may cause 
overheating in some section of the house apart from the control room. 

(5) With control systems involving intermittent operation of the 
fan it should be started between four and eight times per hour in 
order to obtain satisfactory regulation and equal temperatures in the 
different rooms. 

(6) Continuous operation of the fan is advantageous in that it 
results in high bonnet efficiency, minimum air stratification, and low 
heat losses from the ducts. 

(7) The total power required for intermittent fan operation varies 
from 10 to 100 per cent of that required for continuous fan operation. 
In the case of intermittent operation the power required to start the 
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fan contributes an additional load varying from 3 to 27 per cent in 
excess of the normal running load over a range of indoor-outdoor 
temperature differences of from 20 deg. F. to 60 deg. F. 

(8) The fuel consumption and overall house efficiency are practi- 
cally the same for intermittent fan operation and for continuous fan 
operation. 

(9) A stack limit thermostat arranged to prevent flue gas tem- 
peratures from exceeding a predetermined upper limit can be success- 
fully used to limit the combustion rate during periods of sudden load 
demand. 


IX. Furnace BonNETS AND BAFFLING 


50. Preliminary Statement.—The objects of this study were (1) 
to determine the effect of three different types of furnace bonnets on 
the performance of the forced-air heating plant, and (2) to determine 
the effectiveness of an annular baffle used in connection with one 
type of bonnet. 

These tests were run on Installation No. 11, and the bonnets are 
described in detail in Section 7. The furnace was allowed to operate 
normally under thermostatic control, so as to maintain approximately 
70 deg. F. at the 5 ft. level in the rooms of the Residence. The fan 
was operated continuously at a constant speed, and the usual testing 
routine was followed, as outlined in Section 12. With each bonnet 
the plant was operated over a period sufficiently long to include 
representative weather conditions. 


51. Results of Tests—The results of the tests are shown in Fig. 33. 
Considering the bonnets alone, it is evident that the best results were 
obtained with bonnets A and C. The efficiencies, capacities, and 
register air temperatures were practically the same for these two 
bonnets. The air quantity was slightly less for bonnet C than for ~ 
bonnet A, indicating a slightly greater resistance to air flow for 
bonnet C. Bonnet B offered the greatest resistance to air flow, as 
shown by the decreased quantity of air circulated. This was also 
accompanied by the greatest static pressure, although the actual 
differences in static pressure were small. At a combustion rate ‘of 
3 lb. per sq. ft. of grate surface per hr. bonnet B showed a reduction 
in efficiency and capacity of about 8 per cent as compared with 
bonnets A and C. 

The insertion of the baffle in the casing when bonnet C was in use 
resulted in an increase in resistance and a decrease in the quantity of 
air flowing. However, at combustion rates above 2.5 lb. per sq. ft. 
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per hr., the baffle effected an increase in both efficiency and capacity. 
This was caused by the fact that the baffle acted as a radiation shield 
and at higher combustion rates the temperature of the casing was less 
with the baffle than it was when the baffle was not used. Hence the 
radiation loss from the casing was less. It is probable that the baffle 
would have shown similar results if it had been used in connection 
with bonnet A. 

A study of the temperature variation in the air at various points 
in the bonnets indicated that the temperature was comparatively 
uniform throughout bonnets A and C. Much greater variations were 
observed in the case of bonnet B. 

The estimated cost of bonnet A was $10.50, of bonnet B $11.75 
and bonnet C $13.25. Hence it is evident that bonnet A was the 
most advantageous when all factors are taken into consideration. 


52. Conclusions.—The following conclusions may be drawn from 
the results of these tests: 

(1) Bonnets of types A and C are equally effective, and are better 
than a bonnet of the type B. 

(2) A bonnet of the type A can be installed at a cost relatively less 
than that for types B and C, and is therefore the most advantageous 
from all standpoints. 

(8) The use of an annular baffle in the casing has no detrimental 
effect at combustion rates below 2.5 lb. per sq. ft. per hr., and im- 
proves the capacity and efficiency at combustion rates above 2.5 lb. 
per sq. ft. per hr. 


X. Srupy or Warm—Air Reaisters Locarep NErAR CEILING 
AND NEAR FLOOR 


53. Preliminary Statement.—Results reported in Engineering Ex 
periment Station Bulletin No. 246 indicated that at register air 
velocities comparable with those common to gravity warm-air fur- 
nace systems, the use of a high sidewall register resulted in air stratifi- 
cation and objectionably high air temperatures in the portion of the 
room above the 5-ft. level. This investigation was continued with the 
object of extending the study to the higher velocities obtainable with 
a forced-air system in order to determine the critical register air 
velocity below which the use of high sidewall registers is undesirable; 
and to determine to what extent louvers or deflectors could be used 
at the face of both baseboard and high sidewall registers in order to 
improve the temperature gradient from the floor to the ceiling, and 
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. 
to eliminate objectionable air currents in the part of the room directly 
in front of the register face. The arrangement of the wall stack and 
register faces is described in Section 8 and shown in Fig. 6. 


54. Test Procedure.—During all tests the forced-air heating sys- 
tem was operated normally to maintain 70 deg. F. at the 5-ft. level 
in the rooms of the Residence, as discussed in Section 12, and with 
two exceptions the fan was operated continuously. No alterations in 
the plant were made except those in the registers in the east bed- 
room. The velocity of the air at the register faces was measured by 
means of an anemometer, and was varied as discussed in Section 8. 
Since the room was heated normally, the changes in register air 
velocity effected by altering the size of the register outlet did not 
change the weight of air flowing into the room per minute, and hence 
did not affect the register air temperature corresponding to a given 
outdoor temperature. During a test observations were made of the 
velocity and temperature of the air leaving the register, and of the air 
temperature on the central axis of the room 4 in. above the floor, at 
the 3.5, 5, and 6.5 ft. levels, and 4 in. below the ceiling. For each 
register arrangement a sufficient number of observations was made 
to include a wide range of outdoor temperatures. The temperatures 
at the different levels were plotted against the difference between the 
outdoor temperature and the temperature at the 5-ft. level in the 
room. Since the actual register air temperature is reflected in the 
room temperature gradients all comparisons were made by reading 
the temperatures from these curves at a difference of 45 deg. F., 
corresponding to an outdoor temperature of 25 deg. F. Thus all 
comparisons were made at approximately the same register air tem- 
perature. 

Tests were run with continuous fan operation over a range of 
average register air velocities of from 130 to 800 ft. per min. for three 
arrangements, namely, a high sidewall register with a common type 
of grille, a baseboard register with a common type of grille, and a 
baseboard register having deflectors or louvers set 15 deg. downward 
from the horizontal. For the latter tests the register face was always 
blocked at the top, thus leaving the bottom of the outlet approxi- 
mately one inch above the floor line. Tests were run at one velocity 
on a number of special arrangements which will be discussed in 
connection with the results obtained. 


55. Results of Tests —In Fig. 34 curves are shown giving the rela- 
tion between the average register air velocities and the difference 
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between the 5-ft. level and the floor, and between the ceiling and the 
5-ft. level. The maximum velocity of the air at the register face 
varied from 10 per cent in excess of the average at high velocities to . 
60 per cent in excess at low velocities. 

From Fig. 34 it may be noted that, with the baseboard register 
having the standard grille, as the velocity of the air was increased the 
temperature in the upper part of the room above the 5-ft. level 
decreased slightly and the temperature of the air near the floor in- 
creased. However, not enough improvement was shown to warrant 
the use of high velocities with the accompanying objectionable air 
currents in the room. The range of practical velocities with this 
arrangement, as shown in the upper part of Fig. 34, is from 100 to 
300 ft. per min. 

It is evident that the high sidewall register with the standard 
grille at low velocities gave excessively high temperature for the air 
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above the 5-ft. level. Ata velocity of 200 ft. per min. the temper- 
ature of the air 4 in. below the ceiling was 74.5 deg. F. as compared 
with 72.4 deg. F. for the baseboard register with the same type of 
grille. The temperature of the air near the floor was lowest with the 
high sidewall register. Also the temperature of the air near the floor 
seemed to be more sensitive to outside influences, such as wind move- 
ment, for the high sidewall arrangement than it was for the other 
arrangements, as shown by the irregularity of the points on the lower 
curve for the high sidewall register. As the velocity of the air was 
increased with the high sidewall register the temperature in the upper 
part of the room materially decreased, while the temperature near 
the floor remained constant. A velocity of from approximately 500 
to 625 ft. per min. had to be used with the high sidewall register in 
order to obtain the same difference in temperature between the ceiling 
and the 5-ft. level as that given by the baseboard register with the 
same type of grille operating over. the practical velocity range of from 
100 to 300 ft. per min. Even in this case the temperature near the 
floor was approximately 0.5 deg. F. lower with the high sidewall | 
register than it was with the baseboard register. 

The point (g) in Fig. 34 indicates, that, from the standpoint of 
cool ceiling and warm floor, the high sidewall register equipped with 
louvers to deflect the air 45 deg. downward gave very good results 
when the fan was operated continuously. However, the current of 
warm air directed into the room was such that it would strike the 
head and shoulders of an individual standing or sitting in front of the 
register, and the arrangement might prove objectionable for this 
reason. This arrangement was also tested with the fan operated 
intermittently, and the results are shown as point (h) in Fig. 34. 
Comparing points (g) and (h) it is obvious that with this arrangement 
any gain brought about by increased velocity with continuous fan 
operation was immediately cancelled when the fan was operated inter- 
mittently. The temperature in the upper part of the room was in- 
creased and that near the floor was decreased. If this is representative 
of what would occur with all arrangements of the high sidewall regis- 
ter, then more stratification of the air is to be expected with inter- 
mittent than with continuous fan operation. 

From Fig. 34 it is apparent that the best arrangement consisted 
of a baseboard register equipped with louvers to deflect the air down- 
ward 15 deg. from the horizontal. Over the whole range of velocities 
the temperature difference between the ceiling and the 5-ft. level was 
only 1.0 deg. F., and the difference between the 5-ft. level and the 
floor was only from 2.8 to 3.5 deg. F. The most significant aspect is 
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the gain in the temperature of the air near the floor and, together 
with this, the total temperature difference of 4.0 deg. F. between the 
ceiling and the floor may be considered as exceedingly favorable. 
No difficulty with objectionable air currents was experienced until 
the register air velocity was well above 500 ft. per min. A study was 
therefore made of the air velocity across the room and directly in 
front of the register. This study was made with a velocity of 790 ft. 


per min. for the air leaving the register, and is shown as the upper « 
curve in Fig. 35. At a distance of 5 ft. in front of the register the | 


velocity had decreased to 300 ft. per min. Velocities within 5 ft. of 
the register were noticeable, however, and it is considered advisable 
to limit the practical operating range for this arrangement to register 
air velocities below 500 ft. per min. The baseboard register with 
louvers was also tested at a velocity of 420 ft. per min. with the fan 
operated intermittently, and the results are shown as point (t) in 
Fig. 34. In this case practically no change in the temperature gra- 
dient obtained with continuous fan operation was observed. This 
may be explained by the fact that, with the louvered register, even 
at the low register air velocities accompanying gravity action, no 
marked stratification occurred. 
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Some question arose as to whether it would be better to place a 
narrow register, which could be used in connection with high veloc- 
ities with this deflector arrangement, in the baseboard with the 
bottom as near the floor as possible, or above the baseboard with 
the bottom of the register frame joining the top of the baseboard. 
The test shown by point (n) in Fig. 34 was therefore run with the 
lower part of the register face blocked instead of the upper. The 
location of point (n) indicates that no difference in the results was 
obtained with the register blocked at the top and at the bottom. 

The fact that louvers deflecting the air from the horizontal proved 
advantageous suggested the possibility that additional diffusers ar- 
ranged to deflect the air in both directions from a central vertical 
plane would result in further improvement. These diffusers were 
added to the arrangement in which the louvers were set at 15 deg. 
with the horizontal, and the diffusers made angles of 15 deg. with 
the vertical. The result of one test made with this arrangement is 
shown as point (p) in Fig. 34. From the standpoint of cooler ceiling 
and warmer floor no material gain resulted from the addition of the 
diffusers. However, the diffusers were very effective in eliminating 
air currents in the room and extending the range of allowable velocity 
at the register face. As shown in Fig. 35, when set at an angle of 15 
deg. with the central vertical plane they reduced the velocity to a 
maximum of 200 ft. per min. at a distance of 3 ft. in front of the 
register, when this velocity was measured on a line making an angle 
of 221% deg. with the central vertical plane. As measured on a line 
at 45 deg. with the central vertical plane the velocity was reduced 
to 200 ft. per min. within a distance of 1.5 ft. in front of the register. 
Within a distance of 4 ft. in front of the register the maximum veloc- 
ity was observed on the 221% deg. line because, of the measurements 
made, this series most nearly corresponded with the angle of 15 deg. 
at which the diffusers were set. 

The same arrangement of diffusers was tested on the high sidewall 
register and the result is shown as point (s) in Fig. 34. No material 
reduction in the temperature near the ceiling or gain in the temper- 
ature near the floor was obtained. Since air currents in the part of 
the room above the heads of the occupants are of no serious conse- 
quence, there seems to be nothing to recommend the use of diffusers 
in a high sidewall register. In any case the use of both louvers and 
diffusers added somewhat to the resistance to air flow at the register 
face. The added resistance may be allowed for in the design of the 
system, and the advantage of better air distribution should more 
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than offset the disadvantage of somewhat increased pressure at 
the fan. 

Figure 36 represents diagrammatically the results of smoke 
studies made with four of the register arrangements. With the high 
sidewall register without louvers the air tended to stratify in the 
upper part of the room. A thin stream moved over the ceiling to 
the outer wall of the room and practically all of the circulation oc- 
curred above the 5-ft. level. It required comparatively high veloc- 
ities at the register face in order to project the air to the outer wall 
with sufficient force to overcome the stratification. Figure 36 shows 
that the addition of the louvers to the high sidewall register effectively 
eliminated stratification, but the rather high velocity current of air 
directed downward toward the center of the room would probably 
prove undesirable to the occupants. 

With the baseboard register without louvers the circulation of the 
air in the room was more general, and high velocities were not re- 
quired to overcome the effect of stratification. With the louvers and 
diffusers used in connection with this register the air circulation was 
even more general, and any appreciable current of air was confined 
to within about 6 in. of the floor, where it was not objectionable. 


56. Conclusions——The following conclusions may be drawn as 
applicable to the general type of room in which the tests were made: 

(1) High sidewall registers with the common type of grilles when 
operated with low air velocities comparable with those practical for 
baseboard registers, cause excessive stratification of the air in the 
room, resulting in high air temperatures in the part of the room above 
the 5-ft. level. 

(2) High sidewall registers with the common type of grilles should 
not be used with the average velocity of the air at the register face 
less than 500 ft. per min. 

(3) Deflectors or louvers at the register face of high sidewall 
registers, set to direct the air at an angle of 45 deg. downward, over- 
come stratification of the air in the room, but may produce objection- 
able air currents in front of the register. 

(4) The use of vertical diffusers in addition to the horizontal 
louvers in connection with high sidewall registers is of no material 
advantage. 

(5) Intermittent fan operation in connection with high sidewall 
registers results in greater stratification of the air in the room than 
that occurring with continuous fan operation. 
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(6) Intermittent fan operation in connection with baseboard reg- 
isters equipped with louvers set at 15 deg. downward does not result 
in greater stratification of the air in the room than that occurring 
with continuous fan operation. 

(7) Baseboard registers with the common type of grilles should 
not be operated with air velocities at the register face greater than 
300 ft. per min. 

(8) Baseboard registers with louvers at the face set downward at 
an angle of 15 deg. with the horizontal effectively eliminate air strati- 
fication in the room, and permit the use of air velocities at the register 
face as high as 500 ft. per min. without the air currents becoming 
objectionable. 

(9) With a baseboard register the addition of diffusers to deflect 
the air outward 15 deg. F. from a central vertical plane and down- 
ward 15 deg. below the horizontal does not materially reduce the air 
temperature near the ceiling or increase it near the floor, but it does 
permit the use of air velocities at the register face as high as 800 ft. 
per min. without the air currents becoming ‘objectionable. 


XI. PERFORMANCE OF Two TyprEs or AIR WASHERS 


57. Preliminary Statement—The objects of this investigation 
were (1) to determine the evaporative performance of two types of 
non-recirculating air washers, (2) to study the relations between the 
evaporative performance of one type of non-recirculating air washer 
and the effectiveness of the air washer in the humidification of the 
Research Residence, and (3) to develop a comparatively simple means 
of stating the performance of a non-recirculating air washer in terms 
of a minimum number of performance curves including all of the 
factors involved. 

The description of the air washers and the testing equipment is 
given in Section 9, and a discussion of the testing procedure is given 
in Section 13. 


58. Performance Characteristics of Air Washer in Research Resi- 
dence.—The water evaporated for the different weights of spray water 
delivered to the air washer in the Research Residence is shown in the 
lower part of Fig. 37. This evaporation was somewhat influenced by 
deviations in the temperature and relative humidity of the entering 
air. However, the air temperature remained practically constant at 
approximately 65 deg. F., and for the tests shown the relative hu- 
midity did not deviate greatly from 40 per cent. Hence it was pos- 
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Fig. 37. Evaporation Curves ror Air WASHER IN ResEARCH RESIDENCE 


sible to draw fair average curves representing the trend of the points 
indicating the individual tests. These curves indicate that the evapo- 
ration increased as the amount of spray water was increased. They 
also show that for a given rate of delivery of the spray water more 
evaporation was obtained with 2 nozzles than with 6. This apparent 
inconsistency results from the fact that the nozzles were not adjust- 
able, and the only means at hand for varying the delivery was varying 
the water pressure at the nozzles. Reference to Fig. 38 shows that 
an increase in the spray water pressure, in addition to increasing the 
weight delivered, resulted in an increase in the amount of evapora- 
tion. The probable explanation for this is that the increased pressure 
also effected a finer division and greater dispersion of the spray, both 
of which would promote greater evaporation. Hence, an increase in 
evaporation accompanied an increase in the spray water rate, as 
shown in the lower group of curves in Fig. 37, and, at a given water 
rate, since it required a higher pressure to deliver the same amount 
of water through 2 nozzles than through 6, the spray was more finely 
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divided and probably more greatly dispersed in the case of the 2 noz- 
zles, resulting in greater evaporation being obtained from 2 nozzles 
than from 6. 

Figure 38 shows that, for a given spray pressure, more evapora- 
tion was obtained with 6 nozzles than with 2. Since the area of the 6 
nozzles was three times that of 2, the weight of water delivered 
through 6 nozzles was approximately three times that delivered 
through 2. However, the amount evaporated in the case of 6 nozzles _ 
was not three times the evaporation from 2 nozzles. The ratio was> 
approximately 1.5:1 instead of 3:1. Hence, it is probable that 
merely increasing the weight of water delivered, without changing 
the fineness of the division of the spray, is not as effective in promot- 
ing evaporation as increasing the degree of atomization and dispersion 
with the weight remaining constant. The maximum effect would, be 
obtained by increasing both the weight of water delivered and the 
degree of atomization in the spray. 

The upper group of curves in Fig. 37 show the evaporation effec- 
ted, expressed as a percentage of the weight of water delivered to the 
nozzles. This varied from 2 to 4 per cent. If the balance, or 96 to 
98 per cent, of the water delivered to the nozzles goes to waste, the 
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use of a domestic air washer with the usual type of nozzles and with 
'water taken from the service mains at temperatures of from 52 to 
60 deg. F., cannot be regarded as an economical means of producing 
humidification for domestic service. Unless electric rates are out of 
all proportion to water rates it would be more economical to recircu- 
late the water to the washer. An improvement can undoubtedly be 
made by using atomizing nozzles. 

A few tests were run on the air washer in the Mechanical Engi- 
neering Laboratory with an initial water temperature of 120 deg. F 
The entering air had a temperature of 65 deg. F. and relative humid- 
ity of 40 per cent. For weights of spray water varying from 120 lb. 
per hr. to 360 lb. per hr., the water evaporated varied from 10 per 
cent to 7 per cent of the weight of spray water. Hence, no material 
gain in economy of water seems to be obtainable by heating the spray 
water. If it becomes necessary to provide means for heating the 
water, it would seem more feasible to evaporate it directly by heating 
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and to avoid the complications of an air washer used in connection 
with a heater. 

Figure 39 shows the relation between the wet-bulb temperatures 
of the entering and leaving air for the air washer used in the Research 
Residence. The average temperature of the water delivered to the 
sprays was 52 deg. F. It is of interest to compare these temperatures 
with those inherent in a recirculating air washer, or one in which the 
water is merely recirculated without being externally heated or 
cooled. In the latter case, when equilibrium has been attained, the 
temperature of the circulating water and the wet-bulb temperature 
of the leaving air both assume the same value as the wet-bulb tem- 
perature of the entering air. In the case of the non-recirculating 
washer, as shown in Fig. 39, however, in which the initial water tem- 
perature was always lower than the wet-bulb temperature of the 
entering air, the wet-bulb temperature of the leaving air was also 
lower than that of the entering air, indicating that the wet-bulb 
temperature of the leaving air was dependent on the initial water 
temperature. This will be discussed further in Section 59 in connec- 
tion with the Laboratory tests. 


59. Performance Characteristics of Air Washer in Mechanical En- 
gineering Laboratory.—For all practical purposes, the most significant 
factors in the performance of an air washer are the wet-bulb and dry- 
bulb temperatures of the air leaving the washer taken in conjunction 
with the various weights of air flowing to produce these temperatures. 
If the weight of air is stated as an independent variable, a statement 
of the final wet- and dry-bulb temperatures affords all of the data 
necessary for the calculation of problems involving the adaptability 
of the particular washer to the specific requirements of the class of 
service for which it is being considered. The actual final wet- and | 
dry-bulb temperatures for a given washer are determined by the wet-~ 
and dry-bulb temperatures of the entering air, the velocity or weight 
of air flowing through the spray chamber, the initial temperature of 
the spray water and the weight of spray water used. In the case of 
the non-recirculating air washer, all five of these determining factors 
are either fixed by the conditions of service, or may be assigned 
arbitrary values. In this respect they must be regarded as independ- 
ent variables. A complete statement of the performance of a given 
air washer would therefore involve a statement of the resulting final 
wet- and dry-bulb temperatures for all possible combinations of these 
five independent variables, limited only by the practical ranges of the 
separate variables. Such a statement either in the form of curves or 
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tables is not practical owing to the bulk of the data involved. Hence 
it is evident that some simpler means must be adapted or developed. 

The problem is much simpler in the case of the recirculating 
washer. In this case the humidifying efficiency may be expressed 
by the equation 


Final i ; 
FE = 100 (1 ee wet-bulb a) 


Initial wet-bulb depression 
te — t,! 
100 (1 a 


ig — ty 


(1) 


in which 
E = humidifying efficiency, per cent. 
t; = entering air dry-bulb temperature, deg. F. 
i,’ = entering air wet-bulb temperature, deg. F. 
t; = leaving air dry-bulb temperature, deg. F. 
t.’ = leaving air wet-bulb temperature, deg. F. 


This humidifying efficiency is independent of the actual wet- and dry- 
bulb temperatures of the entering air, and both the wet-bulb temper- 
ature of the leaving air and the temperature of the spray water have 
the same numerical value as the wet-bulb temperature of the entering 
air. Hence a statement of the efficiency of the washer for a given air 
velocity affords a simple means of solving for the dry-bulb temper- 
ature of the leaving air when the wet- and dry-bulb temperatures of 
the entering air are either specified or assumed. 

In the case of the non-recirculating air washer, the same definition 
for humidifying efficiency as stated in Equation (1) may be adopted, 
although it does not have exactly the same physical significance that 
it has for the recirculating washer. If it can now be proved that the 
humidifying efficiency as defined is independent of entering air con- 
ditions, two independent variables in the original list of five can be 
eliminated and the relation between the efficiency, the weight of 
spray water, the velocity of the air flowing through the spray cham- 
ber, and the initial temperature of the spray water can be shown ina 
few groups of simple curves. If, in addition, the relation between 
the change in wet-bulb temperature from inlet to outlet and the differ- 
ence in temperature between the inlet water and inlet wet-bulb tem- 
perature of the air can be established, the wet-bulb temperature of the 
leaving air can be determined from this relation, and the dry-bulb 
temperature of the leaving air can be calculated from Equation (1) 
when the weight of air required per minute, the initial spray water 
temperature, the practical weight of spray water per minute, and the 
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Fic. 40. INFLUENCE oF ENTERING AIR ConpITIONS ON HumipiryING EFFICIENCY OF 
Non-Recircutatinc Arr WASHER IN MECHANICAL ENGINEERING LABORATORY 


wet- and dry-bulb temperatures of the entering air are either specified 
or assumed, and the value of the humidifying efficiency, EL, is avail- 
able from the efficiency curves mentioned. That is, the rating of the 
given air washer could be given by a limited number of groups of 
simple curves. 

The curves in Fig. 40, applying to the tests made on the air washer 
in the Mechanical Engineering Laboratory, indicate that within the 
range of the observed data the humidifying efficiency was practically 
independent of the wet- and dry-bulb temperatures of the entering air. 
That is, the humidifying efficiency for a given water rate remained 
practically constant over the range of entering dry-bulb temperatures 
while the relative humidity of the entering air varied over the range 
of from 30 to 50 per cent. 

The curves in Fig. 41, also applying to the tests made in the Lab- 
oratory, show the relation between the humidifying efficiency and 
the spray water rate for two air velocities, namely 290 and 198 ft. 
per min., and for three water temperatures, namely 63, 80 and 119 
deg. F., for each air velocity. The curves for the air velocity of 290 
ft. per min. are shown alone, including all of the test points, in the 
upper part of Fig. 41. For the purpose of comparison they have beén 
reproduced in the lower part of Fig. 41 without points, on the same 
coérdinates as those for the air velocity of 198 ft. per min. At a 
water temperature of 63 deg. F., comparable with that usually at- 
tained in a recirculating air washer, the humidifying efficiency of this 
non-recirculating domestic air washer did not exceed 60 per cent. 
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Fig. 42. CHANGE IN Wet-BULB TEMPERATURE OF AIR PASSING THROUGH NoN- : 
RecircutaTING Air WASHER IN MECHANICAL ENGINEERING LABORATORY } 
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The humidifying efficiency of the industrial type of recirculating air 
washer usually ranges from 75 to 95 per cent. 

The curves in Fig. 42 show the effect of initial water temperature 
on the wet-bulb temperature of the leaving air. It is evident that 
when the initial water temperature was greater than the wet-bulb 
temperature of the entering air, the wet-bulb temperature of the ~ 
leaving air was also greater than that of the entering air, and when 
the initial water temperature was less than the wet-bulb temperature 
of the entering air, the wet-bulb temperature of the leaving air was 
less than that of the entering air. When there was no difference in 
the initial water and initial wet-bulb temperatures there was no 
change in the wet-bulb temperature as the air passed through the 
sprays, and the operation became the same as that for a recirculating 
washer. 

It is now evident that if the weight of air required is known, and 
the dry-bulb temperature and relative humidity of the entering air 
is stated, the wet-bulb temperature of the leaving air may be obtained 
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Fic. 48. Humipiryine EFriciencies ror Two Tyres or Domestic AiR WASHERS 
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Fic. 44. InrtueNce or ReLATIVE Humipiry or ENTERING AIR ON THE RATE OF 
EvAPorRATION IN AiR WASHER IN RESEARCH RESIDENCE 


from Fig. 42 for any given weight of spray water at a given available 
temperature. The humidifying efficiency under these conditions may 
then be read from Fig. 41 and the dry-bulb temperature of the leaving 
air calculated from Equation (1). To completely rate this air washer 
would require from 3 to 5 sets of curves similar to Fig. 41, each set 
corresponding to a stated air velocity, and probably a like number of 
sets of curves similar to Fig. 42. It is possible, however, that the air 
velocity would not affect the temperature at which the evaporation 
actually occurred. If this is true, one set of curves similar to Fig. 42 
would be sufficient for all air velocities. Since the humidifying 
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Fia. 45. HumpiricaTIon IN RESEARCH RESIDENCE WITH CONSTANT 
Spray Water Rates 


efficiency is apparently independent of entering air conditions, the 
testing program necessary to establish such performance curves could 
be simplified to the extent that it would not be necessary to duplicate. 
entering air temperatures and relative humidities for the different 
series of tests. 

The humidifying efficiencies of the air washers used in the Labo- 
ratory and in the Research Residence may be compared under ap- 
proximately comparable conditions with respect to air velocity and 
water temperature from Fig. 43. The efficiency of the washer used in 
the Residence was somewhat lower than that of the one used in the 
Laboratory. This may be due to the fact that there was some tend- 
ency for the air to short circuit through the center of the former. 
It is also possible that the sprays were more finely divided or atomized 
in the case of the latter. It is further possible that both of these 
conditions may have been present. 
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60. Humidification in Research Residence-—The evaporative per- 
formance, or the weight of water evaporated per lb. of air, for the air 
washer in the Research Residence was influenced by the relative 
humidity in the entering air. Since this air was recirculated from the 
rooms in the Residence the relative humidity of the entering air was 
practically the same as thatintherooms. Figure 44 shows the effect of 
this relative humidity on the evaporation from the sprays for three 
constant nozzle pressures or spray water rates. For a given water 
rate the evaporation decreased as the relative humidity in the house 
increased. Conversely, as the relative humidity increased it would be 
necessary to increase the spray pressure in order to maintain a con- 
stant rate of evaporation. 

Figure 45 shows the relative humidity maintained in the Resi- 
dence by the air washer as compared with that existing when no form 
of humidifier was in use. The latter curve has been reproduced from 
Engineering Experiment Station Bulletin No. 230 and indicates that 
even without a humidifier some independent source of evaporation 
was present. Since no domestic operations were carried on in the 
Residence it is probable that this independent supply came from the 


116 ILLINOIS ENGINEERING EXPERIMENT STATION 
/00 
» Wag seal oe lhe ee Outdoor Felative HurUuarry yt 
aN 
X 90 
SJ 
seh & 
¥ S 
8 G60 
S& 
. Ny 
EN 
N S 70 
ES 
S 


(RE 
TTR 


(24 


Water ee tor FMM AUTTEATIOII | 
Based a7 Foot TenMpEA0UTE OF , 
s ae aeg. F and One Volume oF _\ 
25. | A” Wreckage _per tour 
S2<+- Barometer 295 i, of MMACUY 


N 


& 


trom Fesearch 
I Kesidence 


Ny 


A 


aN) 


Golloves Of Water per &4 frours, Feguired 
to Heurdldtty a Volume of 10000 cu, rt of S 


7, -/0 0 /0 ZO 30 4O 50 60 70 
lemmoerature of Outdoor Air jt? deg. 


Fra. 47. Curves ror Evaporative REQUIREMENTS FOR HUMIDIFIERS 


concrete walls and floor of the basement. The curves show that the 
use of the air washer materially increased the indoor relative humid- 
ity, and that it was possible to maintain 40 per cent humidity with 
outdoor temperatures as low as zero. 

From Fig. 44 it is evident that the curves for constant water rates 
in Fig. 45 do not represent constant evaporation from the sprays. 
It is of considerable interest to know what relative humidity could 
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be maintained in the Residence at given outdoor temperatures for 


various rates of evaporation or rates of adding water vapor to the 
air. These curves may be derived from a combination of Figs. 44 
and 45, and are shown in Fig. 46, expressed in terms of gallons per 
24 hours. It may be noted that as the outdoor temperature dropped 
and the indoor relative humidity decreased, the evaporation from the 
sprays increased and tended to compensate for the effect of decreasing 
outdoor temperatures. Such curves, used in connection with air 
washer curves similar to those in Figs. 41 and 42, might be used as a 
means of determining the washer capacity required to maintain any 
desired indoor relative humidity at a given outdoor temperature. 

In order to compare the actual evaporative requirements with 
those calculated from theoretical considerations, the calculated curves 
have been reproduced from Engineering Experiment Station Bulletin 
No. 230, as shown in Fig. 47, and a section of the actual requirement 
curve for an indoor relative humidity of 35 per cent has been added. 
The latter was obtained from Fig. 46. The calculated curves were 
based on the assumption of one air change per hour in the house. 
Furthermore, they give the total amount of water vapor from all 
sources, including the humidifier and any independent sources. It 
may be noted that the calculated and actual requirement curves 
coincide at an outdoor temperature of 5 deg. F. At higher temper- 
atures the actual requirements were less than the calculated. This 
may indicate that the actual air infiltration was less than one air 
change per hour, or that water vapor was given up from the walls and 
basement floor. Both may have occurred. Infiltration certainly 
decreases with an increase in outdoor temperature. Also more water 
vapor is present in the outdoor air at higher temperatures than at 
lower and this may be absorbed by the walls and be given up indoors. 
The curves further show that at lower outdoor temperatures the 
actual requirements were greater than the calculated. This may 
indicate that the actual air infiltration was greater than one air 
change per hour, or that water vapor was absorbed by the walls, or 
both. Either assumption is reasonable. 

The curves for condensation on the windows, reproduced from 
Engineering Experiment Station Bulletin No. 230 and shown in Fig. 
48, indicate that with 32 per cent relative humidity indoors, conden- 
sation would start when the outdoor temperature dropped to 28 deg. 
F., if single-glazed windows are used, and to —13 deg. F., if storm 
sash are used. Observations made at the Research Residence during 
a period when the relative humidity indoors was being rapidly in- 
creased with a constant outdoor temperature of 26 deg. F. proved 
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that condensation actually started to appear on the single-glazed 
windows when the relative humidity reached a value of 32 per cent. 
Two windows were equipped with storm sash and no condensation 
appeared on these windows at any time. These observations indi- 
cated that the calculated curves in Fig. 48 are approximately correct. 
It is also interesting to note in this connection that the curves show 
that, at an outdoor temperature of zero, condensation will appear on 
single-glazed windows with an indoor relative humidity of 16 per 
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Fic. 49. CoMPARISON OF OBSERVATIONS WITH WeET- AND Dry-BuLB 
PsycHROMETER USED IN STILL AND IN Movine AIR 


cent, while with storm sash the relative humidity must be 40 per cent 
before condensation appears. 


61. Errors Resulting from Use of Stationary Wet- and Dry-Bulb 
Thermometers.—Various forms of stationary wet- and dry-bulb ther- 
mometers for the purpose of observing relative humidity are in more 
or less general use by householders. For accurate determinations 
some form of sling or aspirating psychrometer must be used, in order 
to insure a positive flow of air over the bulbs of the thermometers. 
Figure 49 shows the amount of error that may result from the use of a 
stationary wet- and dry-bulb psychrometer. At the usual relative 
humidity of approximately 30 per cent the stationary wet- and dry- 
bulb thermometer will indicate an apparent relative humidity of 39 
per cent. This amounts to an error of 30 per cent in the reading. 
At lower relative humidities this percentage error will be greater and 
at higher relative humidities it will be less than 30 per cent. 


62. Thermal Aspects of Storm Sash.—It has been mentioned that 
storm sash are effective in preventing condensation on the windows. 
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In addition to reducing the heat loss from the building, they are also 
effective in reducing the downward draft of cold air usually present 
with unprotected windows. This is shown in Fig. 50, from which it 
may be noted that the temperature of the current of air coming down 
over the windows, as measured at D, was approximately 3 deg. F. 
greater for the windows equipped with storm sash than it was for 
those not so equipped. 


63. Conclusions.—The following conclusions may be drawn from 
the results of these tests: 

(1) The effectiveness of evaporation in the sprays of an air washer 
is more influenced by the degree of atomization and dispersion of the 
spray than by the weight of water delivered by the spray. 

(2) In a non-recirculating domestic air washer with water deliv- 
ered to the sprays from the city service mains only from 2 to 5 per 
cent of the total amount of water delivered to the spray is evaporated. 
If the excess water is wasted, this form of air washer is not economical 
for providing humidity in domestic service. 

(3) In a non-recirculating air washer if the initial water temper- 
ature is less than the wet-bulb temperature of the entering air, the 
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wet-bulb temperature of the leaving air will also be less than that of 
the entering air. If the initial water temperature is greater than the 
wet-bulb temperature of the entering air, the wet-bulb temperature 
of the leaving air will also be greater than that of the entering air. 

(4) The humidifying efficiency of a non-recirculating air washer 
may be defined by the same general equation as that used for the 
recirculating air washer. That is, the humidifying efficiency may be 
defined as the ratio of the difference between initial wet-bulb depres- 
sion and final wet-bulb depression to the initial wet-bulb depression. 

(5) The humidifying efficiency of the non-recirculating air washer 
is independent of the temperature and relative humidity of the enter- 
ing air within the limits of the data obtained in this investigation, 
which were initial dry-bulb temperatures between 65 and 95 deg. F. 
and initial relative humidities between 30 and 50 per cent. 

(6) By making use of the humidifying efficiency the rating of a 
non-recirculating domestic air washer can be expressed with a limited 
number of rather simple curves. 

(7) The weight of water evaporated per lb. of air, or per lb. of 
spray water, in a domestic air washer in a residence is influenced by 
the relative humidity of the air. As the outdoor temperature de- 
creases, thus decreasing the indoor relative humidity, the evaporation 
tends to increase and offset the effect of decreasing outdoor temper- 
ature. 

(8) Owing to uncertainties in air infiltration, to absorption of 
moisture or vice versa by walls and floors, and to possible independent 
sources of evaporation, the actual requirements for humidifying a 
residence may not correspond with the calculated requirements. 

(9) The calculated curves in Bulletin No. 230 for condensation 
on windows are approximately correct as shown by observations in 
the Research Residence. 

(10) In very cold weather condensation on single-glazed windows 
will be objectionable if indoor relative humidities greater than 20 per 
cent are maintained. This condensation can be prevented by the use 
of tight storm sash. 

(11) In addition to reducing heat loss from the house, and pre- 
venting condensation on the windows, storm sash are effective in 
reducing the downward cold draft of air over windows. 

(12) At commonly existing relative humidities of approximately 
30 per cent, observations made by means of stationary wet- and dry- 
bulb psychrometers may be in error by as much as 30 per cent. The 
apparent relative humidity indicated by such psychrometers is always 
higher than the actual relative humidity. 
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XII. Heat Emission FROM VARIOUS SURFACES 


64. Preliminary Statement.—In Engineering Experiment Station 
Bulletin No. 117 a study was made of the effect of surface finish and 
type of insulation on the emission of heat from the surfaces of cylin- 
ders heated with low pressure steam at approximately 215 deg. F., 
and a table of results representative of 26 types of surface finishes 
and insulations was presented. This table was later extended to 
include 31 types of surface finishes and insulations, and the results 
were reported in Engineering Experiment Station Bulletin No. 120. 
This study has been continued to include 16 additional types of sur- 
faces making a total of 47 different types, and these additional types 
only are presented in this bulletin. 

The description of the plant used for these tests is given in Section 
10, and the testing procedure in Section 14. A description of the 
different surface treatments and insulations used is given in Table 5. 


65. Results of Tests —The results of the tests are given in Table 5. 
A large number of comparisons could be made from this Table, but 
in most cases they are obvious and of rather limited interest. Hence 
this discussion is confined to those of more general interest. All com- 
parisons are based on the bright tin surface, cylinder No. 1, which is 
the only value repeated from previously published results. It may 
be noted that none of the surfaces or thin insulations was as effective 
an insulator as the uncovered bright tin. Cylinders Nos. 32, 34, 38 
and 39, however, which were heavily insulated were very effective 
insulators as compared with bright tin. Results for cylinder No. 40 
indicate that the bright tin did not lose greatly in effectiveness as an 
insulator on aging. That is, the aged tin was 91.5 per cent as efficient 
as the new tin. The surface of new commercial copper, cylinder No. 
41, was as efficient as aged tin. The efficiency of this surface de-~ 
creased to 81 per cent on aging, cylinder No. 36. The efficiency of 
the cast iron surface with the foundry finish, cylinder No. 42, was 58 
per cent as compared with a value of 54 per cent previously deter- 
mined for rusty black iron. This latter surface was restored to an 
efficiency of 71.5 by painting it with aluminum bronze, cylinder No. 
33. Thus all of the comparatively bright metal surfaces ranged in 
efficiency from 71.5 per cent to 100 per cent. The painted surfaces, 
as illustrated by cylinders Nos. 37 and 43, had the same efficiency 
independent of the thickness of the metal, kind of metal, or nature of 
the original surface on which the paint was placed. 

A further very important fact may be noted by comparing the 
results from cylinders Nos. 37 and 43. These two cylinders had 
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TABLE 5 
Heat Emission FRoM Vartious SURFACES 
———e—eeooooSsSsSSasSqmma9amama 


Cylinder Lis Coefficient Relative 
arn Ber Description of Surface of Emission, | Efficiency* 
K per cent 


1 Bright I.C. tin, not insulated 1.28 100.0 
32 I.C. tin with one inch Improved Asbestocel 0.61 210.0 
33 Rusty No. 28 gage black iron painted with aluminum bronze 1.79 71.5 
34 I.C. tin with one inch cork 0.53 241.0 
35 I.C. tin, one layer of 12-lb. asbestos paper tightly wrapped and 1.90 67.5 

glued at edges only 
36 Copper, No. 28 gage, clean, tarnished surface 1.58 81.0 
37 Copper, No. 28 gage, painted dull flat gray 2.42 53.0 
38 I.C. tin with one-half inch balsam wool, wrapped not pasted 0.68 188.0 
39 LC. tin with one inch Silimil 0.69 186.0 
40 I.C. tin dull with age, no rust spots present 1.40 91.5 
41 Copper, No. 28 gage, clean new surface 1,41 91.0 
42 Cast-iron, 0.25 in. wall, foundry finish Zeit 58.0 
43 Cast-iron, 0.25 in. wall, painted dull flat gray 2.43 BVA) 
44 I.C. tin with one layer crimped 9-lb. asbestos paper, tightly 1.92 66.5 
wrapped and glued at edges only 
45 L.C. tin with two layers crimped 9-Ib. asbestos paper, tightly 1.58 81.0 
wrapped and glued at edges only 
46 I.C. tin with one layer plain 10-lb. asbestos paper, glued tight 2.07 « 62.0 
to surface 
47 I.C. tin with two layers plain 10-lb. asbestos paper, first layer 1.67 76.5 
glued to surface, second layer tightly wrapped and glued 
at edges only 


*Efficiency as an insulator compared with bright tin. 


exactly the same surface finish, flat gray paint in each case, but one 
was made of No. 28 gage copper 0.0126 inches in thickness, while the 
other was made of cast iron 0.25 inches in thickness. The walls of 
the cast iron cylinder were 20 times as thick as those of the copper 
cylinder, and copper has a conductivity approximately 8 times that 
of cast iron per inch of thickness. Hence from the standpoint of the 
transfer through the metal alone the copper wall was 160 times as 
effective as a heat conductor as the cast iron wall. Notwithstanding 
this fact, the actual overall heat transfer from the steam to the air 
was the same for both. This is explained by the fact that where heat 
is transferred from a metal surface to a gas, like air, the surface 
resistance is many times the resistance of the metal path. Where the 
resistance of the metal is such a small proportion of the total resist- 
ance, either the conductivity or the thickness of the metal, or both, 
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may be greatly increased without appreciably affecting the total 
resistance, or the overall heat transfer. Hence, in the case of a fur- 
nace, with gas on one side and air on the other, it is evident that the 
nature of the metal, and within reasonable limits the thickness of the 
metal, has no particular bearing on the heat transfer. It may be 
further noted by comparing the results from cylinders Nos. 41 and 43 
that the thin copper cylinder with the planished surface was much 
more effective as a heat insulator than was the thick cast iron cylin- 
der. That is, the nature of the surface had much more bearing on the 
overall heat transfer than had either the conductivity of the metal or 
the thickness of the wall. 

On comparing the single layer of crimped asbestos paper on cylin- 
der No. 44 with the single layer of plain asbestos paper on cylinder 
No. 35 it may be noted that no material difference exists between the 
results obtained with the two types of asbestos paper when used 
under the same conditions. The difference between 67.5 and 66.5 
shows one per cent in favor of the plain paper. On comparing cylin- 
ders Nos. 44 and 46 and cylinders Nos. 45 and 47, the results seem to 
indicate a difference of 4.5 per cent in favor of the crimped asbestos 
paper in the cases of both one and two layers. In both of these cases, 
however, the first layer of plain asbestos was glued tight to the cylin- 
der, while the first layer of crimped asbestos paper was merely 
wrapped and glued at the edges. A comparison of cylinders Nos. 35 
and 46 shows a difference of 5.5 per cent in favor of attaching the 
plain asbestos paper by wrapping and glueing at the edges rather . 
than by glueing tightly to the surface. This is slightly more than the 
4.5 per cent shown in favor of the crimped asbestos paper. Hence 
it seems evident that the difference was caused by the method of 
attachment rather than by any inherent advantage of the crimped 
asbestos paper over the plain asbestos paper. 


66. Conclusions.—The following conclusions may be drawn from 
the results presented: 

(1) In the case of uninsulated metal surfaces transmitting heat 
to air, the nature of the metal and thickness of the wall may beg 
little or no relation to the heat transferred. 

(2) In the case of uninsulated metal surfaces transmitting Gam 
to air, the character of the surface finish is a major factor in deter- 
mining the heat transferred, bright metal surfaces transmitting less 
heat than rusty metal or painted surfaces. 

(3) Thin layers of insulation placed on bright metal surfaces 
transmitting heat to air may result in increasing the heat transferred. 


